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ABSTRACT
The initial stability of a ship is currently evaluated by empirical formula based 
largely on a static approach. Evidently stability is affected by speed that causes 
variation of pressure distribution on the wetted surface of a ship’s hull, and generated 
waves on the surface of water by the vessel’s motion. Forces and moments resulting 
from bottom pressures, as the speed of the ship changes, are significantly different 
for the ship at rest and in a seaway. The principal aim of the research is to investigate 
the effect of variations of forward speed on stability of a ship in calm water. The 
thesis presents theoretical and experimental approaches of the research. The novelty 
of the research results leads to the conclusion that although increasing speed may 
improve the stability of a ship in some cases, it also depends on heeling angle or on 
any asymmetry of the wetted area of a hull. Taking into account asymmetry effects, 
unbalanced pressure distribution acting on the wetted surface of the hull, in some 
cases, hence, decrease of stability is also possible.
On a moving, partially immersed body, hydrodynamic and hydrostatic forces 
predominate. These forces arise owing to interaction between the body’s motion and 
its weight with respect to the surrounding water. In order to calculate these forces, 
the panel method of Computational Fluid Dynamics (CFD) has been applied to 
identify the velocity and pressure distribution on the wetted surface of a ship’s hull. 
The mathematical model adopted is based on the source distribution on the ship’s 
hull, known as the Kelvin source. The model for a body travelling with steady 
forward speed, where its motion does not disturb the free surface, is known as double 
body theory. For consideration of waves generated by the motion of the ship on the 
free surface, a three dimensional linearised potential flow solution has been utilised.
Comprehensive tests conducted in the UCL towing tank have established a better 
understanding of the significance of variation of ship’s stability associated with 
forward speed in calm water. It is shown that an accurate judgement regarding the 
ship’s stability cannot be made if only the effect of forward speed, as a single 
parameter, is considered. The heeling angle is another important parameter that must
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also be taken into account. The effects of a combination of both variables have been 
investigated, and are reported herein.
The research is presented showing that the applied CFD method may be developed as 
an alternative method to assess stability of a ship in seaway, but there is a long way 
for the CFD approach to replace towing tank testing. At present, CFD may be used 
for consideration as a precursor to improve ship’s stability during the design stage, 
for modification, and before operation. It is hoped that in future the findings of the 
experimental approach of this form of research could be used as additional guidance 
to be incorporated within the stability documentation for individual ships at the 
design stage, and ship trials.
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NOMENCLATURE
Added mass
Ay Normal velocity coefficient
b Breadth, beam, width
B, Bo, Bi Centre of Buoyancy
By Component of velocity potential
B44 Damping
BM Vertical distance from the buoyancy centre to the metacentre
point
C Non-dimensional residuary stability coefficient
C44 Restoring stiffness
CL Centre line
d Draft, Draught
D Buoyancy force
fik  Force on each panel, i4h, in each direction k
Fk Represents the x, y, and z components of the resultant force
Fn Froude number
Fz The vertical forces
f g ( f »7) Source strength distributed on the body
G, Gj, g, gj Centre of gravity
G(x, y, z; //, f )  Green’s function for infinite depth with forward speed
ga Gravity Acceleration
GM, H  Metacentric height
GZ Righting arm or righting lever
/  Second moment of area
is Gyration radius
Ixx Inertia
K  Wave number
KB Vertical distance from keel to the buoyancy centre
KG Vertical distance from keel to the centre of gravity
KM  Vertical distance from the keel to the metacentre
L, I Length
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M Metacentre point
Mh Heeling moment
Mr Righting moment
MS Residuary stability lever
n Normal to the panel pointing out of the surface
nxi ny ,nz Components of the normal
nx to n6 Mode motion (Surge, Sway, Heave, Roll, Pitch and Yaw)
respectively.
OX,Y,Z Reference coordinate system
ox,y,2 Global coordinate system
P Pressure
p(x,y,z) Field point due to a source
0 & r \ J Q Source point over the boundary
r Distance between a field point to a source point
r' Distance between a field point image to a source point
ro The initial value of BM
Rw Wave resistance
s j The j th flat panel area
so Underwater ship hull area
Ta9> Rolling period
u,v,w Component of velocity
V(x,y,z) Velocity vector
W, w Weight
WL, WqLo, W,L, Water line
X=(x,y,z) A point from the Cartesian coordinate system origin fixed on
the mid ship
Wave elevation on the free surface
<t> Inclination angle
O Potential function
^  body Potential due to steady forward speed of the ship
^  body-image Potential due to the effect of the mirror of the ship’s hull
^  freesurface Potential due to free surface effect
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of, rj, £ Local coordinate system
p Water density
a Source strength (intensity)
a  Source strength in the case of the linearized problem, in the
region below the equilibrium free surface boundary 
Gj Source strength on the panel j th
v Volume of a wedge
V Under water volume of a vessel
A Coefficient
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ABBREVIATION:
BEM Boundary Element Method
BK Bilge Keels
BMT British Maritime Technology
CAD Computer Aided Design
CFD Computational Fluid Dynamics
DNV Det Norsk Veritas
DSP Design Support Problem
GCS Global Coordinate system
GL Germanischer Lloyd
IMO International Maritime Organisation
LR Lloyds Register of Shipping
OFG Overlay Frame Grabber
OSI Operational Ship Inclining
PDE Partial Differential Equations
PRS Polski Rejesetr Statkow
RANS Reynolds Averaged Navier Stokes
RHS Right Hand Side
RINA The Royal Institution of Naval Architects
SNAME Society of Naval Architects and Marine Engineers
SSRC Ship Stability Research Centre University of Strathclyde in Glasgow
UCL University College London
2D Two dimensional
3D Three dimensional
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1. INTRODUCTION
Vast ranges of ships are continuously needed to be designed and constructed, either 
for profit or pleasure. They are required to carry commercial cargoes, people, or 
both. Geometry, space, and necessary equipment, according to the type of vessel, are 
all fundamental factors that need to be considered when designing and constructing a 
ship. In addition, an authority must certify the design and construction. The 
appropriate authority is an accepted source of expert information so as to satisfy 
given regulations and registration requirements. Vessels must comply with 
international or local regulations of the authority, where they may operate. This is 
known as a vessel’s class. This arrangement should lead to an acceptable level of 
safety. However the definition of an acceptable level of safety is a contentious issue 
since increased safety implies increased cost.
One of the most important issues for ship safety is its ability to resist capsizing, 
otherwise referred to as its stability. The stability should be considered at the design 
stage, as well as during construction, or as a consequence of any modification, 
throughout the lifetime of the ship. Traditional ship stability criteria are based on the 
analysis of the static roll moment curve. Although this curve is an important ship 
characteristic in assuring ship safety, Falzarano and Troesch (1990), Burcher (1990), 
other ship characteristics are also significant. These include effects of hydrodynamic 
forces on the ship’s hull as a consequence of ship speed.
Increasing demands for speed in marine transports have expanded the interest in 
vessels having some part of their weight supported by dynamic forces. The emphasis 
on speed results in development of hydrodynamic efficiency, lightweight, safe hull 
forms and a large increase in production cost. In this regard, ships hull forms may be 
categorized as displacement, semi-displacement and planing. Hence, very detailed 
design and engineering attention are required to ensure success to make reduced risk 
decisions relative to the design, and development of production of a high speed ship.
Generally, it is assumed that the stability of a vessel to be independent of speed. 
However, in case of small high speed craft it is becoming progressively evident that
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this assumption is not valid, and it is given much thought. Small craft exhibit a loss 
of stability at high speed even though they possess adequate stability at rest. In some 
cases, instability can result in forceful and / or random motion which can lead to 
structural damage and crew injury; however, the problems are not readily apparent. 
Often they are uncovered after extended time in service and only after the regular 
explanations for unusual handling characteristics, such as inadequate operator quality 
and training, environment problem i.e. waves everywhere, and so on.
Despite the relatively serious problem, and massive attention has been paid on 
dynamic stability over the past, progress has been very limited, and very little is 
known about the fundamental characteristic and no guidelines presently exist to 
assure adequate dynamic stability Cohen S H, and Blount D L (1986), Burcher 
(1990), and Blount D L, Codega L T. (1992).
Through the years the level of designs has improved by application of some accepted 
empirical formula, and criteria. These criteria and empirical formula are successful to 
reduce accidents and incidents in their limitation conditions, especially for 
displacement hull. They have become stretched beyond their intended application for 
the new development of high speed craft. As an example, static stability criteria are 
based on technology that does not consider pressures generated by fluid velocity 
relative to the hull form.
Therefore, once speed is considered to be important, it is well known that in 
following, quartering, and head seas a high speed vessel can capsize by broaching, 
parametric rolling or stability reduction by waves Burcher (1990) and Dallinga et al 
(1998). Even in calm water a high speed craft can show unique motion 
characteristics, such as a chine walking, sudden large heel and porpoising, Ikeda and 
Katayama (2000). Some of these problems are known for both types of displacement 
and semi-displacement craft. However, due to demand of high speed marine 
transportation, and conventional mono-hull vessels, the transverse stability of a 
displacement type running in calm water at relatively high speed required review. 
Reduction in the stability may be caused by bottom pressure distribution and the 
wave pattern on the side of the hull. Among the literature there is very little about
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effects of hydrodynamic forces on stability, in other words, variation of stability of 
ship in seaway is poorly understood when speed is important.
The aim of the present research is investigation and analyses of variation of forward 
speed on the stability of ships in calm water. Therefore, the present work is divided 
into theoretical and experimental parts. In the theoretical part of the research a steady 
velocity potential of Computational Fluid Dynamic (CFD) method is applied for 
computing pressure distribution, and considering its effect on the wetted surface of 
the hull for a range of forward speeds. The computed bottom pressures and their 
vectors were then integrated to find the righting moments. For the experiment, 
rolling motion was examined in accordance with different forward speed a long 
towing of a model in a towing tank.
A brief review on key points and definitions relating to ship motion, metacentric 
height, stability, and effects of ship dimension and loading on ship stability are 
presented in the Appendix A of current thesis as basic definitions, and conventions. 
The structure of the research conducted, is also described in this chapter.
1.2 PRINCIPAL AXES AND CORRESPONDING MOTIONS
In an arbitrary three-dimensional co-ordinate system, a ship can have up to six 
degrees of freedom. Three orthogonal axes may thus define any movement of a ship. 
These movements include three translations along axes, x, y and z, and three 
rotations about the same axes. Translations along the axes are referred to as ‘surge’, 
‘sway’, and ‘heave’. The corresponding rotations are denoted as ‘roll’, ‘pitch’, and 
‘yaw’. Figure 1.1 shows the principal axes with their origin at mid-ship and the 
corresponding motions related to the axes.
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H E A V E
S W A Y Y A W R O L L
S U R G EP I T C H
Figure 1.1 Principal axes and the corresponding motions of a ship 
1.3 PROBLEM, LIM ITATION AND SCOPE OF THE RESEARCH
The number of casualties and stability problems with fishing vessels, pleasure and 
small craft, conventional and unconventional ships with respect to speed show 
requirement o f improving methodologies and international contribution efforts on 
stability assessment. In spite of the fact that several investigations associated with 
motion of a ship may be found in the literatures, that attention has been paid on 
stability in which dynamic forces are involved, but very little can be found on effects 
of solely forward speed on the stability.
Lundgren and Storch (1984) shown that initial static metacentric height (GM) is not a 
completely adequate measure of stability. In an extensive research plan for the 
investigation of dynamic instability of small high speed craft organised by Cohen et. 
al. (1986), they showed small high speed craft lose stability while underway even 
though they possess adequate stability at rest. Dynamic stability o f planing boats has 
been investigated very well by Blount and Codega (1992). They showed 
nonoscillatory instability of planing boats for expected operating conditions. 
Through the years it became clear that dynamic instabilities are varied and depend 
upon a number of factors, including speed, displacement and hull forms.
More importantly, there are long term programmes that have started world wide, and 
associations between researchers are being formed in the ITTC to ensure continuous 
progress of development and ship safety utilises state-of-the-art knowledge, as is 
reported in 21st session of the ITTC. The ITTC (1996) recommended the following 
tasks to the executive specialist committee on ship stability:
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> Physical model testing, to examine the techniques for carrying out model tests 
to investigate capsizing of intact and damaged vessels and provide guidelines 
for such tests.
> Numerical modelling / testing, to assess the methods available for numerical 
simulations of capsize of intact and damaged vessels.
As model testing is more or less a part of ship design today, the result of the physical 
modelling test, guidelines, may improve level of stability for high speed demand of 
today’s transportation. In parallel, a proper numerical modelling may reduce 
significantly time and cost of a new design and / or any modifications on an existing 
ship.
Therefore, the principal aim of the research was to investigate the effects of variation 
of forward speed itself on the ship stability in calm water, without considering any 
excitation forces or moments. Then the variation of the GM was studied at different 
forward speeds theoretically and experimentally.
The main aim of the theoretical part of the work is to calculate the total reaction of the 
contribution of hydrostatic and hydrodynamic forces acting on the wetted surface of a 
hull. These forces are, in fact, the interaction between the immersed part of the vessel 
with surrounding water in a seaway. In conjunction with the above, the effect of 
different speeds is also examined.
Most previous numerical studies have used simple shapes such as a sphere or an 
ellipsoid, whereas in the work presented here a real ship shape is considered. A real 
ship shape has two associated problems regarding grid generation. Firstly, each cross 
section curve has to be defined by offsets individually, as there is no mathematical 
formula to express them. Secondly, the real bow and stem should not be ignored, and 
their offsets need to be taken into account. Then in theoretical consideration a mesh 
generation computer code and a panel method computer solver have been developed.
Over the years, several potential flow methods (analytical and numerical) have been 
developed to calculate hydrodynamic forces acting on bodies in a flow field. 
Analytical solutions however have been applied for only a limited number of shapes
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such as spheroids, ellipsoids, etc, for more detail refer to Evans (1992). On the other 
hand, numerical solutions have been developed for both simple and complex shapes. 
For most practical hydrodynamic and aerodynamic problems, the panel method is a 
very good approach to identify the forces on the body in a flow field. This 
methodology has been used successfully for many marine vessel designs. Some of 
them are mentioned by Larsson (1998), and some research in this regard as respond to 
the recommended task of 21st ITTC presented in 22nd and 23rd sessions of ITTC.
The experiments carried out consisted of model testing conducted in the towing tank 
at UCL. The aim has been to investigate the behaviour of a ship’s stability in calm 
water experiencing forward speed. A number of experimental publications exist, 
which consider the effect of environmental conditions on stability of a ship in a 
seaway in the presence of waves for following, beam, and quartering seas Kirsi and 
Paulling (1990) and Dudziak (1975). Some experiments have demonstrated 
unexpected capsizing for heading seas Burcher (1990), and Dallinga et al. (1998).
However, to date, the severity of the effect of speed on the stability of a ship has been 
poorly understood. In fact, locations of vessel centroids, such as centre of buoyancy 
(C of B) and metacentric height (GAf), change by the contribution of hydrostatic and 
hydrodynamic forces and consumables loads that change the location of centre of 
gravity (C of G). In other words, it is clear that once a partially immersed body 
moves, its stability characteristics will be different compared with when the body is 
stationary. Most empirical formulae and criteria in use, regarding ship stability that 
are proposed by classification societies and IMO, merely estimate the static condition 
either for intact or damage stability.
The drawbacks, suggestions (on stability calculation), and progressive demand of high 
speed ship design have been the main incentives for conducting a series of 
experiments, aiming of provide a better understanding of the subject. In addition, the 
suitability of the numerical and mathematical modelling, which can be examined in 
comparison with the experimental data, leads to a new method for preliminary 
stability assessments of a ship in a seaway at the design stage and for operational 
condition for voyage.
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The work was initially managed under the supervision of the late professor Burcher, 
and for the theoretical part supervised by professor Wu. Relevant articles on the 
subject were very limited particularly in open libraries and not available to this work 
compared with those which were available in research centres not otherwise. Anther 
very important note is that although, CFD methods computer programs were 
advancing in many research centres and universities, for the current research it is only 
a tool for investigation of effects of speed on the stability of ships. Nothing was 
available for this research as a suitable tool or source of basic validated program to 
modify for the purpose of the research. Hence, most parts of the research herein were 
developed from scratch with rather basic instrumentation, equipment and supervision.
1.4 STRUCTURE OF THE THESIS
In Chapter 1, some general information together with relative key points in Appendix 
A and their concepts are presented. In addition, the scope of the work and brief 
reasons of using the experimental as well as theoretical methodology are given.
Chapter 2 describes both theoretical and experimental more relevant works in this 
field. There is relatively little work published in this area and most of them are 
experimental. Whereas, theoretical research papers generally consider either powering 
(resistance of a ship) or optimisation of bodylines. Therefore more related papers on 
the subject are discussed.
General details of the mathematical formulae, including the theory, are discussed in 
Chapter 3. In particular, the mathematical modelling of the problem, plus the solution 
of the boundary element method (BEM) for three dimensions is presented. The 
solution adapted for triangular panel is presented too.
The numerical implementation of the solution is addressed in Chapter 4, and includes 
some procedures of the computer code, and discussion about the algorithms used in 
the programme. Also preliminary results and validation of the code are presented.
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The mesh generation computer code is presented in Chapter 5. The code is able to 
generate a mesh not only over the wetted surface of a ship in any loading condition, 
but also is able to generate a mesh for any specified inclination angle. A few typical 
examples regarding application of the code are presented.
The experimental part of the research is explained in Chapter 6 . The scaled model that 
was used in the theoretical approach, as the computational domain, as was previously 
constructed at UCL, has been used. The experiments have been conducted in a towing 
tank at UCL. Although it is relatively small in length and not very modem, very 
useful and advanced results have been obtained by users, the results can be found 
through years in their researches. The experimental data are shown in this chapter.
Discussions as well as comparison between the theoretical results and the 
experimental data are presented in Chapter 7. Although, in Chapter 4 theoretical 
results and validation of the steady potential code on the test case and the wigley hull 
form have been presented, and in Chapter 6  the experimental data have been 
discussed. However, focus on the validation of the steady potential and comparisons 
with the experimental data of the model are explained in Chapter 7.
Finally, general conclusions of the main findings of the research are given in Chapter 
8 , followed by suggestions and comments for future work. This work may be very 
useful for designers and operators, if it is continued to evolve as it is pointed in future 
work.
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2. REVIEW OF PREVIOUS WORK
Disaster at sea has not been fully eliminated, as recent catastrophes clearly show. 
There are many recorded instances of ships, which have been properly surveyed and 
operated by competent crews, which have foundered. The number of serious 
casualties for RO-RO vessels alone still averages one per week, the stability problems 
with fishing vessels, pleasure and small craft are still at large and new challenging 
problems appear with the remaining of unconventional high speed ship designs 
flooding the market at an ever increasing rate, Vassalos (1996).
One of the historical tragedies that force designers to apply and be very careful for the 
application of stability criteria is the sinkage of Titanic and following incidents. It is 
thought that she was unsinkable, but she sank in her first voyage. Since this tragedy it 
has been understood that ships must be divided into compartments and they should be 
watertight. Under this arrangement many ships have been designed and built and 
operated safely. The criterion was forgotten during advance in ferries technology 
design with a very wide and long opening deck being the car deck. The problem was 
the same as before, violent free surface flow and the dynamic effect of flow on the 
inner deck were not considered. Many lives and ships were lost until the same 
resolution was applied to act for the ferries. That is to divide the car deck into 
watertight sections to make it safer.
In order to avoid re-examination of known phenomena of instability for high 
technological designs of today, it is necessary to investigate the critical modes leading 
to capsize. Simply, it can be said, predicting danger before happening, and not let it 
happen as in the tragedy of Titanic regardless of damage, a free surface flow in a very 
wide opening, as happened 8 6  years later to the Estonia involving the loss of 852 
lives, BMT (1994).
The purpose of developing criteria is to improve the safety of ships against loss and 
capsizing. The criteria consist of a set of minimum values of stability parameters. 
These minimum values may appear as a result of certain calculation procedures or as 
data from model tests performed according to certain specified procedures.
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Pierre Bouguer in France explained, for the first time in 1746, the mathematical 
properties of the metacentric height, GM, Vassalos (1998). Any criteria, which were 
used, were based on experience. It was clear that this was a poor guide, later, the 
value of GM was increasingly used as a criterion. For many years it was assumed that 
adequate matacentric height could be used as the sole measure of the stability safety 
for all angles of heel and all conditions of loading, even though GM is only an 
indicator of static upright stability.
The stability of a ship is normally assessed in two ways regarding the limitation of 
inclination angle. An initial assessment of stability may use the parameter GM, which 
gives an indication of the ship stability for small heel angles, assumed less than 1 0 °. 
The limitation of these angles may vary depending on hull form. The GM value is 
derived from the following expression:
GM = KB + B M -K G  (2-1)
where the terms have their usual meanings. Bearing in mind that KG is
determined from the ship’s weight and its load distribution, whereas 
KB and BM are calculated from the ship’s geometry.
Large inclination angle stability however is measured by the curve of righting levers 
that is the so-called GZ curve. So the representative quantity of stability is derived 
from the couple formed by the action of weight and buoyancy, once a ship is heeled in 
still water as discussed briefly in appendix A. Then the GM does not remain constant, 
and it is preferable to measure the stability in terms of the GZ since this is very 
convenient for making a comparison between different loading conditions of the same 
ship. It must be noted that the GM value is the slope of GZ curve.
^  BM  ,GZ = sin(p{GM + ~y ~ tan tp) (2-1 a)
However, these curves were not originally easy to obtain at that time. Proshaska 
(1947, 1951) showed how values for GZ could be obtained more quickly for a normal 
type of vessel. He postulated the formula:
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GZ=GMsin<p + MS (2-2)
where MS is the residuary stability lever such that, MS = Cro, C is a non- 
dimensional residuary stability coefficient, and ro is the initial value of 
BM.
The value of C depends largely on the ratios of depth to beam and draught to beam, 
and so it is strongly dependent upon the geometrical form of the vessel. Further 
information can be found in references Lewis (1988), and Bhattacharyya (1987).
In the UK, Atwood developed a formula in 1796 for the calculation of the righting 
lever GZ curve. The concept of dynamic stability referring to the area under the GZ 
curve was introduced by Canon Moseley in 1850. He studied the unforced, 
undamped, single degree of freedom, roll equation of motion, and equated the 
overturning energy and the restoring energy in order to evaluate vessel safety.
In 1939 Rahola in his doctoral dissertation, analysed the righting arms of a number of 
capsized fishing vessels to determine what the important external forces are, and what 
should be the required righting arm curve to ensure vessel safety. It formed the 
current intact stability evaluation criterion by the International Maritime Organisation 
(IMO) and most of other classifications. It is interesting to note, however, that the 
great majority of ship designers and shipbuilders at the beginning of the 19th century 
regarded these developments as highly theoretical and they were initially ignored. In 
fact, the US Navy in the latter part of the 20th century adopted the first criteria 
involving Moseley’s concept.
Nowadays, there are many stability criteria, which are useful to both designers and 
operators. Most of them are based on static stability which is however a questionable 
feature in assessing safety. Making a choice of stability criteria depends on the type of 
ship and the region where the vessel will be operated. Generally, international rules 
are issued by International Maritime Organisation (IMO), as well as national rules by 
the national flag state. Examples of these criteria can be found under selected
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classifications societies such as Lloyds Register of Shipping (LR), Germanischer 
Lloyd (GL), Det Norsk Veritas (DNV), Polski Rejesetr Statkow (PRS), and others.
The preliminary ship design process involves satisfying each design requirement 
sequentially, modifying the dimensions and repeating the process until all 
requirements are met. The spiral diagram in Figure 2.1 shows the usual practical 
design sequence.
Length
Beam
Depth
Draught
Dimension
Selection
Requirements
Initial
Manoeuvring
Seakeeping
Endurance
Initial Cost
Form coefficients Main hull
Structure
Powering Longitudinal 
Balance
Select Machinery
Initial
CheckBased on type of 
ship
Upper Deck 
Spaces
Area/WT
BalanceDisplacement Stability
Figure 2.1 Spiral diagram showing usual procedure in a ship design
In accordance with the usual procedure of a ship design one important step is her 
stability estimation. There are several reliable computer programes for stability 
evaluation on the market which calculate the ship static stability conditions to a high 
level of reliability for intact ships. Examples of these software have been presented 
for ship design at RINA workshops every year since 1996. The procedure of softwear 
usually is the same that according to selected class for stability evaluation of a ship, 
users are able to apply stability criteria from the software’s library. Although the data 
of a ship hull form and load conditions are high in accuracy and graphical 
presentation or tabulated results are fabulous, they are unable to deal with dynamic 
stability of a ship in seaway. This weakness in the software can be attributed to the 
absence of dynamic characteristic which influence the ships’ stability. Problems are 
also noted by Kaps and Kastner (1990) showing how some uncorrected data are 
supplied for the stability evaluation.
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There is evidence that marine stability criteria have improved levels of safety. 
However, capsizing in intact and damage conditions are very complex phenomena for 
displacement, semi-displacement, and planing ships. In a practical sense some 
accidents, and incidents, which still occur indicate that there are some unknown 
parameters in stability assessment. For example there is no agreement on the dynamic 
stability criteria, and the role of variations of speed on the stability is not fully clear. 
This is what makes it necessary to investigate unknown parameters for the critical 
modes leading to capsize. In other words, as a result of recent events and disasters it 
can said that stability appears to have been reborn as a subject. As has been mentioned 
by Vassalos, it warns the whole industry and researchers, regulations, administrators, 
designers, operators, and others relative to marine transport.
Clearly, the ship motions and the resulting loads acting on the ship, cargos, and crews 
depend on her operational stability. The operational stability is different from 
minimum stability requirement which is purposed by classification societies. The 
latter are seen as a guideline for operators, whereas, the former is set by operators. 
Those minimum requirements for stability constitute the minimum set standard, in 
order to allow the ship to sail. The minimum stability must allow the ship to overcome 
regularly encountered situations. If minimum levels are set too high, in order to cope 
with very extreme sea condition, the main disadvantages are:
> worse ship behaviour in seaway
> unnecessary high motion
> more securing and lashing for cargos
as well as, at very low setting of the minimum stability levels the ship might not be 
able to resist a severe environment or any other disturbances. It has been the subject 
of research for many years in a very wide scope of researchers. Some examples are 
presented in the following.
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2.1 EXPERIMENTAL INVESTIGATIONS
As a prototype approach experiment, Kaps and Kastner (1990) studied the methods of 
calculation and measurement of ship stability, and their accuracy, in particular during 
service. They found that the input data on loading was very often inaccurate. In this 
instance measuring the actual stability status by means of the Operational Ship 
Inclining (OSI) experiment is recommended. The feasibility of such an approach is 
shown with different container vessel tests in different harbours. In general, the OSI 
can be also extended to other types of vessels with critical stability as well. However, 
the method has shown some inaccuracies of the input loading data. Also application 
of the method can confirm only the stationary accuracy of the stability, in absence of 
speed and any disturbances in a seaway. Moreover, these inaccuracies of input 
loading data may affect the results of advanced software used for stability evaluation.
Kastner (1986) in his research noted that safe sea transportation of cargo is not just a 
matter of safe stowage and securing of cargo, but is strongly related with the design 
and construction of the ship, and her outfit, as well as the way the ship is being 
operated at sea in different environmental conditions. Although minimum stability 
requirements by classification societies can not include any risk, they are as a 
guideline and they can not show clearly on which operational conditions they have 
been based upon. Then, the ship master is concerned about safety from capsizing, 
about low motion acceleration on the cargo, and its feedback to ship behaviour. 
Mostly, the ship master judges and decides on his own experience. Therefore, it is 
required a practical setup of developing necessary information and data on board to 
improve operational stability of ships.
The actual stability status of a ship during her voyage varies in time due to changes in 
cargo and ballast of the ship, and due to the changing environmental conditions at sea. 
On the other hand, minimum stability proposed by authorities reflects the intact 
stationary stability of a ship not the state of stability of ship in seaway. In order to 
ensure safety of a ship from capsizing, the actual stability status must be compared 
with the minimum stability requirements set by classifications. During the last twenty 
years most of the efforts focus on stability of a ship in seaway. Many useful
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experimental researches investigated wave effect on manoeuvring and sea-keeping of 
a ship in a seaway. Available papers discuss stability of a ship in following, quartering 
and head seas.
However, the role of speed has been shown to have a very significant effect on 
stability of planing type, and it is the subject of many researches theoretically and 
experimentally, as reported in ITTC 21st, 22nd, and 23rd, Fast Ship, and other 
professional conferences.
Since in marine transportation users seek to reduce travelling time, then increasing 
speed and improving of comfort and safety are vital. In this respect many types of 
vessels have been designed, constructed, and operated having an operational speed 
higher than that normally associated with a conventional ship. It is useful to look at 
the main information that are classified by Kuo (1997).
The catamaran, having two hulls joined by a structure spending the breath of the 
vessel, is one type. In recent years, size of the catamaran for passenger transport has 
been steadily increasing. The Small Waterplan Area Twin Hulls (SWATH) is similar 
to the catamaran except the shape of the hulls have a torpedo like, but the former is 
made of slender hulls. Reduction of required power for reaching high speed, and 
better stability compared to the monohull are advantages of this type. They represent 
about 34% of the world High Speed Craft (HSC) population.
Hydrofoils attached to the sides of another class of monohull generate lifting force 
when the vessel gains speed. Operation of a very large hydrofoil craft is not cost 
effective, and there is restriction of depth of water where they operate, but they 
represent 26% of the world HSC population.
The principle for Surface Effect Ship (SES) is to create a cushion of pressurised air 
between the bottom of the hull and the water surface. Therefore, there is no displaced 
water and no water resistance. Another advantage is the possibility of operating over 
solid surfaces. This type of the HSC represents about 11% population of the HSC. 
Other types of crafts that represent only 1.5% of the population are not discussed 
further here.
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However, a more important type of HSC that is similar to conventional ship and 
represent 27% of the population of HSC is mono-hull. The percentage continues to 
grow, and is considered in many recent investigations. The principle is that the hull 
form has been designed to assist the achievement of high speed i.e. a planing hull. 
Therefore, hydrodynamic lift force increases as speed increases. The resulting lifted 
hull has a reduced wetted surface leading to lower wave making resistance and 
viscous pressure drag. Another advantage of this type is that considerable operational 
experience is available. The observations and findings of this type of vessel are 
relevant to the aim of the current research if obtained for calm water.
Lundgren and Storch (1984) observed the irregular stability of a small fishing boat. 
They rang the bell that attention must be paid to the fact that initial static metacentric 
height (GM) is not a completely adequate measure of stability. Through the years it 
became clear that dynamic instability varies and depends upon a number of factors, 
including speed, displacement and hull forms.
It became increasingly evident that the assumption that vessel stability is independent 
of speed is not valid. It has been shown that although small craft may possess 
adequate stability at rest they exhibit a loss of stability at high speed. The technical 
literature is scattered with example of high speed vessels stability in seaway. Cohen 
and Blount (1986) presented one of the best papers that provides a general technical 
overview of the problem and highlights relevant research. The primary purpose of the 
paper is to extend this knowledge into a proposed plan and objective of developing 
technical guidelines to prevent dynamic instability problem.
At zero speed, stability is of course governed entirely by hydrostatics. As the Froude 
number increases, the hydrodynamic effects come into play and are considered to 
comprise two separate components, one due to the hull wave and the other due to 
hydrodynamic pressure distributions along the wetted surface of the hull.
The hull wave causes more of the vessel to be supported at the bow and the stem and 
less along the midhull. Then redistribution of the buoyancy can lead to a reduction in 
the metacentric height, resulting in a loss of stability of finely shaped high speed hulls
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operating relatively at, or slightly above, low speed. Hydrodynamic bottom pressure 
effects can also come into play under this condition.
Beyond the cited speed, the influence of bottom pressures tends to dominate, and the 
hull wave effect diminishes. Generally, instability at high speed can be characterized 
as being oscillatory and nonoscillatory. The former type includes periodic transverse 
roll oscillations known as chine walking, and porpoising the equivalent situation with 
longitudinal pitch oscillations. Both are usually associated with high speed hard chine 
planing craft operating in calm water, generally, on relatively heavily loaded craft 
(that is low projected chine area for a given displacement), the nonoscilaatory 
instability can occur at more moderate speed than that associated with oscillatory 
instability. Unstable nonoscillatory behaviour has been reported in both the transverse 
and longitudinal direction with motions ranging ffom a rapid loss in running trim, 
progressive heeling to port or starboard, or a combined roll-yaw motion. General 
types of instabilities have been summarised by Cohen and Blount are shown in Table 
2 .1.
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Table 2.1 General type o f instabilities ref. Cohen and Blount (1986)
Nonoscillatory instabilities commonly occur at speeds lower than those associated 
with oscillatory instabilities and are found on relatively heavy loaded craft travelling 
at moderately high speeds. For this condition unstable behaviour can occur about the 
yaw, pitch and roll axes represented by a loss in running trim, progressive heeling 
motion, bow steering or a combination of rotations. A new stable operation may result
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from these motions, and the craft may be operated with some degree of control for an 
extended time with this new approach. There also may be secondary results, such as 
broaching or unpredictable steering response.
Oscillatory instabilities include roll oscillations (chine walking), and pitch and heave 
oscillations (porpoising). There are some common factors in both oscillations that are 
associated with high speed. The amplitude of oscillation is related to boat speed, and 
oscillations occur without any warning and any excitation from environment or 
operator. In some cases, the oscillations increase while the craft is at constant speed. 
There is an accepted guideline for prediction and avoiding porpoising, but no 
accepted guideline is available for predicting the conditions which result in chine 
walking Blount and Codega (1992).
The underwater shape has a great effect on the tendency for nonoscillatory dynamic 
instabilities. Although the literature on the subject is very limited usually it can be 
found that forming of low pressure areas on the wetted hull depends upon:
> In the case of planing hull, unfairness of shell plating where it is welded to 
frames that is shown by Clement (1982) caused local low pressure area as the 
boat heeled or encountered a wave, and a heeling moment was being formed.
> In the case of fast flat bottom boat with buttocks shaped like half of an airfoil, 
as weight is shifted forward or when a wave strikes the bow, the more highly 
curved forward sections become immersed. These forward sections may 
develop pressure lower than static. As pressure forward drops, the pressure aft 
must increase to compensate for the support of the total boat weight. Further 
shifting of centre of pressure aft and the centre of gravity fore, thus a dynamic 
instability can be created. Abbott and Doenhoff (1959) have shown that higher 
thickness to chord (t/c) ratio develop lower local pressure than a lower t/c 
ratio.
> Any asymmetric port and starboard wetted surface or a change in trim (caused 
by shift in weight or sea state) changes the pressure distribution. In the case of 
a vee-bottom hull having buttocks shaped as two airfoil sections joined at the 
keel, a boat with a high t/c ratio is more prone to develop the local low 
pressure areas that lead to instabilities.
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In addition, ventilation may produce a lift force, and ventilation off centreline will 
induce a roll moment. As dynamic pressure is a function of speed squared, the 
extreme dependence on speed is clear. Therefore, any source of rapidly changing 
pressure distribution under a hull, including shape of the hull, ventilation of a portion 
of the hull bottom and / or appendages, may lead to a dynamic instability.
Ikeda and Katayama (2000) investigated transverse and longitudinal instability of the 
motion of a high speed planing craft. They experimentally confirmed that the 
transverse stability significantly decreases at high speed and it causes large heel of a 
craft. The stability loss which depends on trim angle also generates roll motion when 
a craft has pitching motion. It is reported that porposing (unstable heave and pitch 
coupling motion) of the craft is a self exciting motion due to the different sign of the 
coupling restoring coefficients between pitch and heave motions. Prediction methods 
are proposed for evaluation of the roll and heave damping including vertical lift force 
contribution.
Walkeling et al (1984) measured a series of pressures on a model with adequate 
stability at rest, to investigate the loss of transverse stability of a round bilge hull at 
speed in a seaway. They reported that the model would only remain stable up to a 
critical speed, consequently, it would take on a steady heel angle, because the pressure 
measurements revealed that the behaviour was due to negative pressure developed 
along the aft body and was attributed to the hull form. This is a fundamental 
difference between the two hull forms (the planing and the round bilge) showing that 
the round bilge hull is an unsatisfactory hull shape for high speed. In fact, the planing 
hull forms, unlike round bilge hulls, are always associated with large positive bottom 
pressures.
Tim et al. (1985) introduced a computer-based approach to design a ship, which 
improves both the efficiency and effectiveness of the design process. They formulated 
the problem in a structured mathematical form and also, in order to modify a designed 
ship applied a design support problem (DSP), which is applicable in the design of all 
engineering systems. According to Kupras (1981) there are two types of DSP; 
selection and compromise. Selection entails choosing one alternative from a number 
of feasible alternatives without modification, whereas compromise overcomes
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improving a feasible alternative. The compromise DSP method was chosen by Tim et 
al. to develop their computer programme to modify the design. The righting arms are 
calculated based on the regression analysis carried out for ship forms; Series 60. The 
method is explained in Kupras (1981). The programme output for ship stability is 
linked to a table of righting arms for angles 0 to 60 degrees. These may be used to 
check the final design against the stability regulations established by IMCO. The role 
of a computer at this stage has been limited to reducing the time and effort involved in 
design calculations.
Other computer programmes are relatively similar to Tim et al’s code in 
implementation of stability criteria to evaluate stability of either a ship design, 
modifying or to check stability of an existing ship. Major differences of recent 
programmes are that they apply stability criteria of all classifications in their library, 
they provide very well graphical presentation of the results, and are very user friendly, 
such as those software presented in the RINA workshops (1996 to 2001). Significant 
decrease of time for stability evaluation is an advantage of CAD. These software are 
not able to deal with dynamic stability.
For new design of a ship or modification of an existing ship, it is of great practical 
interest to know the flow and the resulting forces on the wetted surface of a body due 
to the steady motion of the hull. In this regard serious efforts of numerical prediction 
methods started with the novel work of Michell (1898).
2.2 MATHEMATICAL INVESTIGATIONS
In 1898 the Australian mathematician J H Michell published a paper on the 
calculation of the wave resistance of ships, well ahead of his time, he introduced thin 
ship theory. In this theory, the vessel is assumed to be thin, which means the beam of 
the vessel is small compared with all other characteristic lengths (vessel length, wave 
length ...). In general, it is known that Michell’s approach gives a reasonable 
prediction of the ship resistance at higher Froud number (Fn). The paper was 
forgotten, until Havelock (1923) discovered it to extend the theory in his research 
over three decades later.
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Havelock used a Green’s function method instead of the Fourier integral method used 
by Michell. Typical of the Michell approach is the use of analytical methods to the 
largest possible extent. Without computers only the methods with a small number of 
elements, or simple shapes, could be used.
Ursell (1949) employed a series of multipoles to present the radiation potential for the 
heaving motion of a half immersed circular cylinder in deep water. By applying a 
transformation to the results of Ursell’s circular cylinder, this method was extended to 
the other ship-like sections later.
A theoretical basis of solving the linearised ship motion problem was published by 
Haskind (1953). He made use of Green’s theorem to construct the velocity potential 
due to the presence of a ship hull and derived the necessary Green’s function. The 
resulting integral equation was solved by adopting the thin ship idealisation. An 
important feature of the analysis was widely spread procedure of separating the 
linearised problem so that the diffraction and radiation problem could be solved 
independently. Haskind also mentioned that it is possible to estimate the diffraction 
forces acting on ship due to an incident wave from the solution of the radiation 
problem. The idea was developed further by Newman (1962, 1965). Then the 
numerical solutions of a simpler class of two dimensional problem for free floating 
bodies without forward speed have been developed.
The very practical tool called Strip Theory through solving the coupled heave and 
pitch motions of a ship in regular waves was provided by Kroukovsky (1955) and 
Jacops (1957). They assumed that the hydrodynamics associated with a ship could be 
represented by a series of two dimensional elements, usually known as strips. The two 
dimensional boundary value problem was solved to obtain the hydrodynamic forces 
for each strip. Then the three dimensional hydrodynamic forces of a ship were to be 
taken through the lengthwise integration of the two dimensional forces. The procedure 
did not take into account interaction effects between different strips along the ship 
length.
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The strip theory has been found to give good agreement with model tests in 
predication of heave and pitch and roll motions for high frequencies and moderate 
Froude numbers. The strip theory may, however, give inadequate predictions of local 
effects like pressure distributions over the hull surface. In spite of the successful 
application, the strip theory does not account for three dimensional interactions 
between sections comprising the hull surface nor do any forward speed effects on the 
free surface, although Ogilive and Tuck (1969) introduced a higher order 
approximation for the forward speed effect.
To complement the shortcomings, Newman (1978) and Newman and Sclavounos
(1980) introduce the unified strip theory in which the two dimensional near field 
solution of the strip theory is corrected by the three dimensional far field solution. 
Based on the strip theory simplifications adopted in the formulation of the theories, 
inadequate consideration is given to the three dimensional flow effects and the effect 
of the forward speed.
This situation changed dramatically with the introduction of the computer in the 
1960s, and a new type of method, more numerical in nature, started to appear. The 
basic approach was the method for non-lifting potential flow without a free surface. It 
was first introduced by Hess and Smith (1962) and later developed in several papers 
by Hess and Smith (1964, 1967). At this time, Ursell’s method was extended to the 
other ship like sections by Frank (1967) and other researchers. Frank used the source 
distribution method to obtain two dimensional hydrodynamic forms for any cross 
sectional shape, which is known as Frank-Close Fit method.
The common method of Hess and Smith uses plane quadrilateral panels with constant 
source strength of each and control points in a suitably defined centre of each panel. 
During the latter part of the 1960s modem research in viscous flows was also 
initiated, and in 1968 several different methods for two dimension boundary layers 
were developed. This research was continued for three dimension boundary layers in 
the 1970s and in 1980 the first workshop devoted to ship boundary layers, was held in 
Gothenburg.
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The wavelike disturbance as is generated due to heading of ship in calm water was 
first established by Lord Kelvin (1887). A classical investigation o f this is given in 
detail by Wehausen and Laitone (1960), Emerson (1967), Ogilvie (1968), Chen and 
Noblesse (1983) and others. It may be seen from their expressions that the dominant 
waves generated by the moving sources are restricted into a sector making an angle of 
arccot(2V2)« 19.5° with the downstream sailing line. Also the wave energy flux is 
minimal near the borderlines o f this sector. A more detailed analysis shows that 
within the sector there occur two separate (distinct) wave systems o f transverse and 
diverging wave patterns with a common angle o f arctan(V2) » 55° near the cusp lines, 
as shown in Figure 2.2.
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Figure 2.2 Sketch o f the Kelvin ship wave pattern from ref. Baar and Price (1988)
The past thirty years have witnessed a rapid growth in the development o f  three 
dimensional panel methods capable o f simulating steady and unsteady free surface 
potential flows past conventional ships, high speed vessel and yachts. These methods 
extend significantly the capabilities o f strip and slender body theories and are 
progressively finding routine use in practice because o f their robustness, reliability 
and efficiency. Several methods with this capability were now available. Application 
o f the methods for design and modification of ship and boat may be divided into four 
different areas such as:
>  resistance and flow
> propellers and cavitation
> seakeeping
>  manoeuvring.
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For their solution numerical methods generally can be classified into two categories, a 
singularity distribution, and finite element methods. The bases of the methods will be 
briefly described here, although, the latter method may be subdivided into several 
categories such as finite difference (forward, backward and centre). Singularity 
distribution methods are based on boundary integral identities for the velocity 
potential obtained by applying Green’s second formula to the potential and an 
appropriate Green’s function. The Green’s function may be chosen as either a 
fundamental Rankine source or the potential of a translating submerged source 
satisfying the free surface and radiation conditions. The latter Green’s function is 
referred to as the Kelvin wave source potential. In the first approach, the Rankine 
source is distributed over both the mean free surface and the hull surface, see Dawson 
(1977), Adachi and Taheshi (1983). The second approach involves the distribution of 
Kelvin wave sources over the mean hull surface and the water line contour, Brard 
(1972). Earlier calculations were carried out without the water line integral by Gadd 
(1975), and Andrew et al (1987).
The second category of numerical methods is associated with finite elements. In this 
case the fluid domain is subdivided into finite elements. Use of appropriate eigen­
function expansions or boundary integral representations can satisfy the downstream 
radiation condition. Both the Rankine source distribution and the finite element 
methods require discretization of the free surface and suffer from difficulties in 
applying the proper radiation condition. The Kelvin wave source distribution 
technique has no such disadvantages but the evaluation of the Kelvin wave source 
potential is more involved due to its complicated mathematical formulation, Noblesse
(1981), and Baar and Price (1988). In the current research, the Kelvin source 
distribution technique is applied, which has provided reasonably accurate results for 
linear free surfaces.
Seakeeping (ship behaviour in the longitudinal plane “heave and pitch motions’’ in 
head seas), Manoeuvring (ship behaviour on the horizontal plane “surge, sway and 
yaw motions” in still water), and Stability (extreme ship behaviour in the transverse 
plane “roll motion” in wave) are very important issues of past and present research. 
Seakeeping has attracted most effort, and has progressed very rapidly, due to being 
more appropriate to analysis by linear theory. Two examples of the development on
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the subject are theses by Ha (2000) and Kara (2000). Ha developed a three 
dimensional ship motion program to predicate seakeeping performance of a high 
speed marine vessel in seaway for steady and unsteady problems. Another example of 
numerical development is a time domain hydrodynamic and hydroelastic analysis of 
floating bodies with forward speed by Kara.
The other two subjects, due to severe non-linearities in the force mechanisms leading 
ship behaviour, depend heavily on support from experimental work using model 
testing. A study for predication of intact and damaged stability in a seaway was 
organized by ITTC 1999, mathematically and experimentally. Some mathematical 
and experimental results are presented as a benchmark in ITTC 23rd. It is well 
accepted that hull resistance and propulsive performance and wave induced surge 
force are very important data for prediction of capsizing of intact ships. However, 
since such data are not available, an accurate prediction method is still desirable. 
Then, obtaining intact stability at speed is clearly an area of research, which needs 
more investigation.
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3. THEORETICAL APPROACH
For the purposes of stability, a ship may be regarded as a rigid body, with six degrees 
of freedom. These are three translation (surge, sway, heave) parallel to the Cartesian 
axes (x,y,z), and (roll, pitch, yaw) three rotations about the same axes respectively. 
Figure 3.1 shows a right handed co-ordinate system in which the origin is assumed at 
the mid-ship, with positive z vertically upward and positive y towards the port side of 
the ship. Equations of motion are derived by equating the external hydrodynamic 
force and moment to the inertial force and moment associated with the ship’s mass. 
These modes of motions are denoted by the indices (j=1..6) respectively.
£ ( A , r X + B,J X + C iJX )  =  Fwi (3.1)
y=i
where A y =  m y +ay for i=l ..3 and j = \  ..3 relate to translation motion (i'=y),
A y =  Iy+ dy  for /=4. . 6  and j= 4 . . 6  relate to rotational motion (/=/').
Ay  for /=4. . 6  and y=1..3 relate to the effects of translation on rotation, 
whilst Ay  for i=1..3 and j —4 . . 6  relate to the effects of rotation on 
translation.
F wi can be exciting forces and moments due to waves, towing, pulling, 
mooring, environment etc.
z
Figure 3.1 Definition of ship motions and the co-ordinate system
To simplify the equations of motion, it may be assumed that the ship is heading in 
calm water at constant speed u along the x-axis, with no external forces acting. Hence 
the right hand side (RHS) of the equation of motion (3.1) is zero. Although the roll 
and the pitch are both rotating motions of any floating bodies, which become more 
important when analysing the stability of a ship, for simplification of equation (3.1), it 
is assumed that neither of these modes has an effect upon the other. Consequently
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considering one degree of freedom only for the dynamics of rolling, then the equation 
of motion can be written as:
A4A(p + BM<p + C4A<p = 0 (3.2)
where: A4 4 IXx ^ <i<jxp
Ixx is the inertia moment, the added moment, B44 the damping and C44 the 
restoring stiffness. For a small heel angle (where tancp & sin<p & (p) the restoring 
coefficient can be written as:
_ pgVGM0(p _
C4 4  — — /^VGA/j (3*3)
9
As we can see, inertia should play some part in assessing the stability of floating 
bodies. The rolling period can be written as:
2 n A4.r  _ _  = 2 J j t  (3.4a)
" a> Vc 44
where: co = , l~ ~  is the rolling frequency.
V A»
In this form second moments appear as part of A44. Because the dynamic problem of a 
vessel rolling near capsizing is highly non-linear, it is impossible to solve the problem 
exactly in closed form. Consequently some approximations must be made. 
Eliminating A44 and C44 from equations (3.2) and (3.3), where /** = ig + we can 
obtain the roll period from:
\ilpV  + a 
pgS/GM
where: ig is gyration radius, and the component of added mass is .
T = 2nA——-------— (3.4b)
V V 0
Added moment in rolling motion depends on form of the body and appendages, if 
there is no fin stabilizer or other effective parts that create the rolling added mass then 
it may ignored from the equation (3.4b). The roll motion period then can be simplified 
as follows:
T ^ l n  1‘ = A —j = =  (3.5)
■jgGM0 t g m ;
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where the added mass is very small then: A = 2/r 1r
Another alternative procedure for the uncoupled natural period in roll, which is 
relatively the same as (3.5), was introduced by Faltinsen (1990) as:
where: r44 is the roll radius of gyration with respect to an axis parallel with the
x axis through the C of G, and r44 is the same as is and typically it is
assumed to be 0.35 times the beam.
If the added mass is very small then the above equation simplified as: i
2^(0.356) t  1__
44 ( }
Consequently from equation (3.5) or (3.6), it can be seen, that the period of rolling 
rises as the GM becomes small or vice versa the period of rolling motion decreases as 
the GM becomes large. Both of these GM levels have some disadvantages, which are 
discussed before in Chapter 2.
Neither of these GM levels is recommended by classification authorities for design 
and navigation of a ship. Typical examples of rolling period values are shown in 
Table 3.1.
Type of vessel T44 [sec]
small fishing vessels 4-6
conventional merchant vessels 8-12
specialised heavy lift vessels 20-25
semi-submersible 35-50
Table 3.1 Typical example of natural roll period according to Faltinsen (1990)
Therefore the GM is very important and it must be controlled during design a ship, 
and the ship’s lifetime. It is possible to calculate the GM in any operational condition 
of a voyage for a ship in a seaway.
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In order to estimate GM of a ship in a seaway, from equation (3.5), a stopwatch can 
measure the roll period of a ship in a seaway. Knowing the value of A of the equation, 
for the ship as given in her documents, therefore the GM may be obtained. Typical 
examples of the coefficient A values are presented in Table 3.2.
Type of vessels A
Coasters -  empty or ballast condition 0.88
loaded, 20% of full 0.78
with tanks 10% full 0.75
filled to 5% 0.73
Table 3.2 values of coefficient A approximated from Kobylinski (1990)
At the design stage the exact value of GM of a ship can be determined through either 
model test or a large calculation, which may be beneficial using commercial software.
There are numerous commercial marine software packages which can calculate ship’s 
stability statically. Using commercial software offers easy calculation of GM for a 
range of particular loading conditions. The restoring moment of a ship at the design 
stage can be calculated from the traditional method, which is introduced in most 
Naval Architecture text books and it is indicated in Appendix A. As these methods are 
implemented into commercial software they consider the restoring moment of a ship 
in statically conditions not on a sea-way.
The current research attempted to check whether CFD is able to evaluate GM for a 
ship in all conditions including sailing in calm water, once its bodylines have been 
designed, and so, investigated effects of variation of forward speed on GM of the ship 
sailing in calm water.
The success of the research gives an alternative approach to enable estimation of 
restoring force or moment of a ship at the design stage for different loading 
conditions, as well as for navigation in calm water. The detail of the methodology and 
its procedure are presented in the following sections in this chapter and the next.
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3.1 METHODOLOGY OF THE THEORETICAL APPROACH
The panel method or boundary integral method may be applied to identify the 
pressure distribution on the wetted surface of a ship’s hull. The calculation of velocity 
and pressure on an immersed body surface in the fluid around the body may be 
described as external flow. Such a flow is concerned with the pattern of streamlines 
surrounding a solid body moving in the fluid. The concept of a boundary layer deals 
with the effect of viscosity of fluid flow. Viscosity has an effect on a fluid adjacent to 
a solid surface, with the calculation of forces acting on the surface due to fluid 
friction. The frictional forces are not of interest in the present study, moreover if the 
damping force of rolling motion is negligible, then the viscosity may be neglected. In 
this case, velocity, and pressure are affected by the physical presence of the body’s 
surface.
Seawater is assumed incompressible, inviscid, and the fluid flow irrotational. 
Therefore knowledge of potential flow is applied to describe the fluid velocity vector 
V(x,y,z)=(u,v,w) at the point X=(x,y,z) from the Cartesian co-ordinate system origin 
fixed on the mid ship. The ship moves with forward speed w, along the positive x 
axis, and the plane of undisturbed free surface is on the Oxy plane. Based on the 
above assumptions, the fluid flow around the ship’s hull is characterised by the 
potential function O . Generally the total potential function can be written as:
^  = ^ b o d y  + ^  free-surface (3*7)
where: is the potential due to steady forward speed of the ship without the
wave effect, and freesurface is the effect of the wave generated due to 
forward speed of the ship on the surface of the water.
The problem has been divided into two parts, firstly it was considered in calm water 
without the free surface effect, and secondly, with the effect of the free surface.
Identification of either pressure or velocity distribution on a solid body is the goal of 
CFD methods. For potential flows it is possible to derive a simple expression for the
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fluid pressure by the well known Bernoulli equation. Potential flows, and their 
characterisation using the Laplace equation, have many important and useful 
properties that can be used in the formulation of numerical solutions. The use of the 
divergence theorem by Gauss (to convert volume to surface integrals), Green’s 
theorem (to convert a surface integral to a line integral), and principle of 
superposition of solutions, all provide the means to formulate boundary element 
solution methods. The panel method is discussed in more detail below and is applied 
to the research as the theoretical approach.
Firstly, the body must be discretized into small elements, here referred to as panels; 
the procedure of discretization is discussed in Chapter 5. Then, the velocity potential 
constructed from distributions of sources on each panel of the discretized boundary 
surface and the strengths of the singularities are assumed to be constant on each 
panel. These must be evaluated at suitable nodal points on every panel. Hence when 
the boundary integral equation is discretized in the physical domain i.e. with N 
panels being used to describe the body surface, the result is a linear system of N 
algebraic equations. The Gaussian Elimination method or any factorisation method 
may be applied to solve the system of equations. This system includes an N by N 
matrix of coefficients and N unknown source strengths, which are different from 
panel to panel but constant over each panel, and N unknown velocity potentials due 
to distribution of sources.
Once the source strength on each panel is obtained, then the velocity potential can be 
calculated. Consequently from Bernoulli’s equation N pressures can be evaluated on 
N panels. Once the pressure on the panels is computed, forces and moments can be 
determined.
As a result in calm water, when the ship’s speed is zero, the hydrostatic force acts on 
the wetted surface of ship hull, which is the buoyancy force. This can be estimated 
and the centre of the resultant force (the buoyancy centre ‘B*) can be calculated. 
When the speed of the ship is non zero, due to forward speed of a ship, waves are 
generated on the calm water surface, which affect the pressure distribution on the 
wetted surface of the ship’s hull and the surface of the water.
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It is known that the pressure must remain constant on the free surface of the calm 
water. To compensate for the changes of the pressure, due to generated waves, a 
redistribution of the normal pressure occurs about the hull and so variations on the 
surface of the calm water height occur. This effect must be considered when 
evaluating the pressure distribution for which the free surface is disturbed. 
Accordingly, the buoyancy force consists of hydrostatic and vertical components of 
hydrodynamic force on each panel. Once the force on each panel is determined, the 
restoring moment can be calculated for any inclination angle or any unbalanced 
wetted surface of the ship hull at any given speed.
3.2 MATHEMATICAL BASIS
Before discussing the methodology further in detail some fundamental definitions 
and references of mathematical formulas of the panel method are given and 
explained in the following section.
3.2.1 SOURCE PANEL METHOD
Linear partial differential equations such as Laplace's equation in terms of velocity 
potential are often used to model both the internal and external fluid flows in an 
inviscid, incompressible and irrational fluid flow. It is required that the velocity 
potential d> satisfy Laplace’s equation:
V2O = 0
where:
^2 & & ^V = ------+ -------H--------
a c  d i2
in the domain of interest for a three dimensional (3D) case.
The basic concept of the panel method is to replace the required solution in the 
domain with a surface integral equation by the application of Gauss theorem to the 
domain of interest.
(3.8)
(3.9)
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A source is a point from which fluid is imagined to flow out uniformly in all 
directions. If the total flux outwards across a small closed surface surrounding the 
point is cr, then a  is the strength o f the source. For a three dimensional case ,^ (p ), the 
velocity potential at any field point p(x,y,z), due to source at point Q(^,r|,Q  over the 
boundary surface for a three dimensional body can be written as:
H p ) = —  ie r - d s  (3.10)
An *o r
where: r is the radial distance from the source point to the field point
so is a solid body boundary.
Figure 3.2 shows a sketch for source point Q and field point p. For a general body in 
an infinite stream, there is an infinite number o f sources distributed on the body 
surface. The surface o f the body is first modelled as a finite number o f panels in the 
panel method. Each panel is associated with the strength to deflect the oncoming 
flow. The resultant flow can be made tangential to the panel surface around the body 
by regulating the source strength.
Q
Figure 3.2 Sketch for source and field point
The requirement that the oncoming flow should be tangential to every panel at a 
particular location gives a set of simultaneous equations for source strength 
computation. The source at any point /?, will impose a velocity vector on all the other 
panels. Therefore the velocity potential at each panel ith is the sum o f the contribution 
from all the panels, ^(/?( ). Approximating the body surface sQ with N flat panels, 
equation (3.10) becomes:
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where: Sj is the j th flat panel area.
The physical meaning of the Laplace’s equation requires that no mass flow is created 
or destroyed from a body. There should be no net flow across the closed body 
surface. If the body is moving in a fluid, then the uniform stream will have a velocity 
direction component normal to the body surface.
The problem in using the source panel is to determine the source strength oj. This is 
accomplished by selecting a control point on each panel and requiring that there is no 
flow across the panel at this point. The control point is selected as the centre point of 
each panel. Here it is assumed that the source strength and velocity potential are 
constant over each panel.
To satisfy the boundary condition there must be no flow across the body at the 
control points. Then the velocity of the fluid normal to the panels must be equal to 
the velocity of the body in the same direction i.e. for a body moving with constant 
speed u is in the * direction of the global co-ordinate system (GCS). Therefore the 
boundary condition on so is given as:
Equation (3.11) should fulfil the boundary condition (3.12) on each panel, then:
• n = unx
or:
(3.12)
(3.13)
where: n is the normal to the panel pointing out of the surface,
nx, ny and nz are its components.
a t  1 " { a i
—  = —  LfJ; i —— dsch 4 n j=\ j s; 3i r
(3.14)
or:
(3.15)
Thus:
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\ r
d ( \
dz \ r
ds (3.16)
The right hand side of equation (3.16) shows components of the normal velocity at
jhthe i panel. Then equation (3.16) can be written as:
(3.17)
where:
A» = J d ( \ d ( \& \r )  Hx + t y \ r ) ' ny + ck \ r ds for i*j
for i=j (3.18)
In summary the velocity potential and the potential function (3.10) and (3.17) can be 
written as:
un
o ( p )  = — Y b . c t  
V l) 4 n %  11 }
where B{j = |  —dls
(3.19)
(3.20)
respectively.
The source strength <jj is obtained from the above linear algebraic equation (3.19). It 
can be used to calculate the velocity potential at any control point i from equation 
(3.20), with By which will be considered later. Figure 3.2 shows the generalised 
source panel configuration.
3.2.2 PRESSURE AND FORCE
The total pressure, P, can be presented from Bernoulli’s equation:
P = ±  VO VO) -  pgz (3.21)
For steady state, where potential does not change with time, equation (3.21) can be 
written as:
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P = - y  V<DV<D-/3gz (3.22)
or:
P  = p (-^V ^V ^ + w^ - ^ u 2 -  gz) (3.23)
where: O = ^ -  ux
cfi) -  -
and: VO = — i + —  y + — A:
*2
Then the dynamic pressure on each panel can be written as:
p, = / * - + « ^  - | M2) (3.24)
After evaluating the dynamic pressure from Bernoulli’s equation, the hydrodynamic 
force components acting on each panel may be obtained by integration of the pressure 
over the corresponding panel surface. Then the force on each panel, f ,  can be 
evaluated in each direction k from:
fn  = \ p, ■ *  *=x,y.z (3.25)
*/
The pressure distribution over a panel Sj can be approximated as constant and 
equation (3.25) may lead to:
Pk = £ / *  = T .pin*s‘ k=x>y>z (3.26)i=i /=!
Fk represents the x, y, and z components of the resultant force respectively. For a 
symmetrical body moving forward along the x direction in an ideal fluid, the lateral 
hydrodynamic force on the body is zero. Only the vertical and resistance forces 
remain.
3.2.3 DOUBLE BODY THEORY
To compute velocity over the wetted surface of a partially immersed body in calm 
water where the free surface effects are small or simply not of interest the water-plane 
can also be assumed to be a symmetry plane so-called the double-body. Therefore, the 
mirror image of the body is assumed on the body itself, and the horizontal plane or the 
free surface is assumed as a plane of symmetry. The symmetry boundary condition for
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the velocity components tangential to these boundaries is that their gradients normal 
to the boundaries are zero. Then the velocity potential, O , can be written as:
(3-27)
where: O ^  is the potential due to steady forward speed of the ship in calm water
and hody-inuge is the potential due to the effect o f the mirror o f the ship’s 
hull below the free surface.
Both the body and its image are assumed to be moving together in the unbounded 
fluid domain. Based on these assumptions, the velocity potential can be written as:
1 N f 1 1
<D = —  I  <Tj / ( -  + - ) &  (3.28)
4;ry=i J j ,  r r'
where: r is distance between field point to source point and
r' is distance between field point image to source point.
Figure 3.3 shows the vector o f co-ordinates joining the field point (x,y,z) to the image 
of the source point. Therefore the O in equation (3.28) simply corresponds to a 
superposition o f a unit Rankine source at the source point (4»r|,Q and its mirror image 
about the free surface at point (£,r|,-Q.
O
panel
Figure 3.3 Sketch o f source and field point for both panel and its image
57
3.2.4 FREE SURFACE EFFECT
Waves considered here regard those being generated due to an object moving on the 
surface of a fluid. A relevant flow model for study is the linearized wave disturbance 
generated by a submerged source, hereafter referred to as the Kelvin source. It is 
subject to the Laplace equation in the fluid domain and is written as Wehausen and 
Laitone (1960):
^  fibody $  mirror-image $  free-surface (3.29)
As usual in this method it relies upon being able to construct a function of form: 
d>(x,y,z) = ~ ^ l  \ f S ’ f } )G (x ,y , z -4 , r j^ d r ,  (3.30)
where: / f (£>7) is the source’s strength distributed on the body, or as
(j = ufg(£, 7]) in the case of the linearized problem, in the region 
below the equilibrium free surface boundary.
Here we assume a horizontal bottom at z -  - h, h < oo and h is the water depth. Then 
we may obtain the following G for infinite depth. From Wehausen and Laitone (1960) 
it can be written as:
G C x , y , z ; £ 7 / , £ )  =  - - " 7r r
A- K \ d e ^ e ) d k ^ k{z+?Q 
7t J J k - K s e c 2 9
cos{k{x -  f )  cos#) * cos(k(y -  rj) sin 6)
0
*
-  4K \ d 0 sec2 #exp(K(z + Q  sec2 0)6)
0
* sin(K(x -  £) sec 0) cos(K(y -  rj) sin#sec2
(3.31)
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where: r = [ ( x - t f + ( y - T i ) 2 + ( z - 0 2y
r ' = [ ( x - £ ) 2 + ( y - T ] ) 2 + { z  + £ ) 2y
K  =  g/u2
Figure 3.4 shows the geometric relation between the axis system, a source point, a 
field point, and an image o f the source point.
Image point -
f t * .- ©
downstream upstream Free surface r
u
r
Source point
Field
(x,y,z)
Figure 3.4 Sketch o f source and field point for both the panels on the wetted ship’s
hull and its image
3.3 IM PLEM ENTATION OF TH EO RETICA L APPROACH
Earlier, in section 3, the GM of a ship in a seaway has been evaluated by using the 
equation 3.5 for an existing ship in a voyage. The variation o f the GM in respect to 
inclination angle and the loading conditions have been indicated in Appendix A, and 
can be found in many naval architecture text bookss for a stationary ship. The aim of 
theoretical approach o f the current research is to investigate the effect o f different 
forward speed on the GM of a ship in steady state condition in calm water.
Pressure distributed on the wetted surface o f a ship hull may be change in respect to 
ship speed. Then, heave, pitch and rolling motions may occur owing to the difference 
of pressure distributed on the hull. Unbalanced pressure distributed on the hull will 
result in a heeling or pitching or yawing moment or a combination o f these.
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In the research, it is assumed that unbalanced pressure occurred only in respect to the 
CL of the hull. It means only heave, pitch and rolling motion may occur, and the yaw 
motion is avoided. To simplify the problem, for modelling of unbalanced pressure 
distributed on the wetted of a ship hull, it is assumed a ship hull is transversely 
inclined in different small inclination angles for mesh generation, the procedure is 
explained in Chapter 5.
This section explains application of the panel method for evaluation of pressure 
distributed on the wetted surface of a ship in respect of steady state of ship speed in 
calm water. Accordingly, variation of GM in conjunction with different ship speeds 
may be computed. Success of the theoretical approach of the current research may 
establish a new method for evaluation of stability of a ship in all loading and speed 
conditions in a seaway at design stage and / or modification of a ship or for existing 
ships in a voyage.
The method used here is the Panel Method or Boundary Integral Method. The steady 
linear free surface flow around a hull placed in a uniform stream is determined by 
integration of the Green’s function for steady state. To solve the problem the 
mathematical modelling is divided into two parts. The procedure starts from the 
solution of double model linearization such as Dawson’s problem (double body as a 
basis flow for linearization). An advantage of this method is that the results from 
other researchers have been shown to be very accurate, such as Hunt (1995). Also an 
analytical expression can be given for the solution at the final stage to compare 
results, as is presented herein as a test case in Chapter 4. Additionally from the 
computational point of view it is adequately efficient.
In the second part (once the source strength on each panel is known), the process is 
followed by adding the free surface effect. For 2D originally Ogilvie (1968) suggested 
the idea, and application to the 3D case has been discussed by Baba (1975). Dawson 
(1977) proposed a purely numerical method to solve the boundary value problem with 
the free surface condition. This provides the distribution of Kelvin sources over the 
immersed body and its mirror image together with the disturbed free surface effect. 
Several studies have been developed based on the above technique for arbitrary or 
mathematical shapes, Andrew et al. (1987), Shuanxing et al (1999), and others.
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The following explains step by step the method which has been applied in the 
research in two parts; steady potential, and steady potential with respect to the free 
surface effect.
3.3.1 STEADY POTENTIAL WITHOUT FREE SURFACE EFFECT
Based on the assumption of inviscid, incompressible and irrotational flow around a 
ship’s hull with constant speed u in the x-direction the potential flow is expressed as 
equation (3.7). For the first part of the research the ship’s hull is assumed as moving 
through calm water where it can not disturb the free surface. Thus the potential flow 
associated with double body theory can be presented as:
^  =  ^  body +  ^ body-image (3.32)
To satisfy Laplace’s equation (3.8) and applying Green’s identity, the potential at any 
field point due to a source point over the boundary surface for three dimensional body 
can be written as equation (3.10). In the equation, so is the wetted surface of a ship’s 
hull. It is approximated by A triangular flat panels, as explained in detail in Chapter 5. 
Here it is assumed that the ship moves in the horizontal plane where its motion can 
not disturb the free surface. The corresponding boundary condition (3.34) is satisfied 
by adding an image to the submerged portion of the hull. The resulting “double body” 
is symmetrical about the plane of the free surface, and the potential velocity can be 
written as:
1 N r 1 10  = —  + (3.33)
An y=i sj r r
where: r is distance between field point to source point and
r' is distance between field point image to source point 
Sj is the j th flat panel area.
As mentioned earlier, Laplace’s equation requires that no mass flow is created or 
destroyed from a body. For the body moving with speed u in the x-direction, the body 
boundary condition can be written as:
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n = un3 on So (3.34)
or:
where:
dt  d<j> dfj>
~& n * + ~ ^ Hy + ~ & Hz =UHx
n is the normal of the panel pointing out of the surface, 
nx, ny and n2 are its components.
(3.35)
To satisfy the above boundary condition at control points, the velocity of the body 
normal to the panels must be equal to the velocity in the same direction of the fluid. 
Then for the body and its mirror image we can obtain:
or:
a/> 1 * f a \  i—  = —  £  a j !  —- ( -  + — )ds 
cn 4 n j=i sj ai r r
a/> at> a t i * , a i i ,
~ z n* +^ n> = > - r ; ( - +~ ) dsa x  c y  d z  j= \ s0 O i  r  r
(3.36)
(3.37)
Thus:
^ = — fo -  j
dn 4 7t 7=i sj
" a fl n d fi n a fl 0-  + --- -nr + — —+ — •nv + —
dx \ r r' j a? \ r '  dz U r'J z
ds
(3.38)
The right hand side of equation (3.38) shows components of the normal velocity at 
the ith panel. Then equation (3.38) can be written as:
where:
(at)  i a (3.39)
f ’  d fl n a fl n d fl 0= --- —+ — ■ nr + — —+ — •«„ + ~ +J
sj
dx \r r'J 0? \ r r'J y dz \ r  r ) z
ds
A,
v 2
for i * j  
for i = j (3.40)
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In summary, the velocity potential and the potential function can be written as:
» . ( 0 )  = i i V y  <3-41>
= (3-«)
respectively.
The component of Ay can be obtained according to the method used by Hess and 
Smith (1967), Bai and Young (1974), and Katz and Plotkin (1991). They chose a 
quadrangular panel, but here the triangular flat panel has been chosen, because a 
ship’s hull is a very complex shape. The following equations therefore are obtained 
based upon the above references, and they are worked out for the triangular panel. 
Hence the component of normal velocity can be written as:
Ay = unx + vny + wnz (3.43)
where: m, v and w  are velocity components such as:
&
An
y^-y,, r>+r2~d 12 y^-yi, ri +ri ~dn .yi~y3, h + rsIn----------- — + —   In----------- — + — :---- In -----
1^2 r\ r2 1^2 23 r 2 +  ' * 3 + ^ 2 3 31 r3 + r\ + 3^1
(3.44)
v =
An
Jt. - x .
12
In r\ + r 2 ~ d n rx + r2 +d]2 +  ■ In23
ri + r, ~ d 2J 
r2 + r } + d 2,
x , - x lt  r} +r, - d 31
— :-----In
‘31 ri +n +d j,
(3.45)
nt\2e\ - h x ( , \  mi2e2 ~"2tan"1 - ta n  1
\  zrx j V zr2 J
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where:
tan-i
tan
m2ie2 ~ ^ 2 
V Zr2
f  Z. ^
zry J
\ ( i  >
- ta n -1 m 23e 3 ~  3
I  Z r3 J
- ta n -i m3xex-h,
zr< y
+
d n =J(X! -X,)2 + ( ^ 2  ~y, f
d n = V(x3 --^2)2 + { y y - y y ) ‘ 
d yi =A/(* . - * y )2 + G 'i - y y f
y2 -y,m X2 =
x ,  -  X ,
m23 =
m3l =
y 2 y 2
X3-  *2
"^3
(3.46)
^  =yj(x ~ x >y + { y - y t f  +z2 k=l,2,3
e* = (* -* » ) + z 2 
={x - xk t y - y k )
Once the components of Ay  are known, the source strength oj can be computed from 
linear algebraic equation (3.41).
To compute the velocity potential from equation (3.42), the component of By  can be 
obtained according to the above references. For the triangular panel we can write:
ds
st y j { x ~ x o Y  + 0 ' - > ’o)2 +
(3.47)
which gives:
h
( x - xx'ly2- y x) - ( y - y xXx2- xx) ln rx+r2 +dn
d\2 r\ Jrr2~ d\2
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++
{ x - x 2\ y 2- y 2) - ( y - y 2\ x 3- x 2) r2 + r} +d--------------------------  jn
23 r2 +  r ,  ~ d 2l
{ x - x 2\ y , - y 2) - { y - y 2\ x , - X 3 ) 1 r3 +r, + d 3l
----------------------:-----------------------In---------------
31 r2 + r3- d 3l
+ \z\ tan
( , \ OT,2e, -  A,
-  tan'
f  » \W12e2 _ "2
V zr, ;
/
V zr, ;
+ tan-i
m22e2 - h 2 w23e2 -  h2
\  zr7
-  tan-i
V zr.
+ tan-i
/  L \ m3le3 -  h3
- tan  1
( i m3Xei
f
V zr3 \  zrx J (3.48)
It should be noted that the derivation is performed in a local frame of reference on 
each panel (LCS). For the global co-ordinate system (GCS) a co-ordinate 
transformation is used to transfer data between two systems of co-ordinates.
The procedure described above is for velocity potential of the body
I f  1
4 n \0G r
1 r 1
Obody = (T~ds the same can be followed for the image of the body
Q>body-image = \ <y~ds, when in all equations (3.43) to (3.48) instead of the value of
the r, the value of r 'is  used.
3.3.2 STEADY POTENTIAL WITH FREE SURFACE EFFECT
When a ship has forward speed, the free surface of the calm water is disturbed due to 
movement of the ship’s hull, and a wave is generated. The problem has attracted 
many theoretical investigations by mathematicians. Despite this considerable effort a 
satisfactory solution of the steady ship motion problem with free surface effect has 
not been achieved so far. Extensive literature on the subject has been produced. The 
experimental and theoretical investigation of the problem is complicated considerably 
by the dependence of the ship’s resistance on both viscous and gravitational effects.
65
It is assumed that the seawater is an ideal fluid and flow is irrotational in predicting 
wave-making resistance, in agreement with Froude’s hypothesis (1868) concerning 
the separation of viscous flow and wave-making resistance. This implies that the 
effects of viscosity on the formation of ship waves are negligible.
A point of some current academic interest concerns the free surface effect on the 
pressure distribution on the body. The Neumann-Kelvin condition linearized the wave 
disturbance on the mean position of the free surface generated by a submerged source, 
hereafter referred to as the Kelvin source, and has been used extensively with panel 
methods utilizing the Kelvin wave source as a Green’s function. It is subject to the 
Laplace equation in the fluid domain, and a radiation condition of no waves upstream. 
According to the international workshop held on the prediction of ship wave 
resistance, at the 1979 meeting in Washington DC, and recently a paper by Larsson 
(1998), this method is an extremely useful complement to the design tools of modem 
naval architects and is essential for modification of body line.
Assume that the right-handed co-ordinate system Oxyz moves with steady speed u in 
the same direction of the positive x-axis, as illustrated in Figure 3.1. The sea water is 
regarded as ideal (incompressible, inviscid and homogeneous) and irrotational flow, 
then the effects of surface tension, wave breaking and spray formation at the bow are 
not existant, and there are no external forces acting on the ship. The method applied 
here is a boundary integral method with Kelvin source, in an infinitely deep 
unbounded water, for which Havelock introduced the method of Green’s functions, 
and can be found in Wehausen and Laiton (1960).
Green’s functions are known for several important physical situations. Many of these 
are given in Wehausen and Laitone (1960). Consequently for 3D the potential 
function can be written as equations (3.29), (3.30) and (3.31). The parameters of these 
equations have the same meaning as presented elsewhere herein. The steady linear 
free surface flow around a hull is determined in the frequency domain so as to fulfil 
the linear free surface condition, and the hull surface condition. For the infinite fluid 
case the velocity potential associated with the flow about a body can be described by 
either a simple source or doublet distribution over the body surface, but here we chose
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source distribution. The source distribution produces normal velocities which are 
discontinuous across the surface s0. Moreover this will not cause a problem, because 
the flow on one side only is of interest, and this is usually the case. Thus the source 
distribution appears to be a convenient method and is applied as follows.
A potential at some point (x, y, z) in the fluid region may be expressed in terms of a 
surface distribution of sources as:
0  = ~ h  f  ^ G ( x , y , z - ^ n,£)ds (3.49)
so
where: (&V>Q denotes a point on so and g(^,jj,Q denotes the unknown source
distribution.
For steady motion in the x-direction, with velocity u, the G(x,y,z; £ rj, Q is given by:
it
4 K \  1G(x, y,z;g,t},£) =  f — dO f
r r  *  n n v  H  J*  {cos '0  >k _ K
COS [k(x -  %) cos #]cos[&(y -  rf) sin 0\ik
- M l —
J  n r \ Q
where K =
cos 6
cos2 0
K(z*C) 
e 005,2 0 sin k x - 4 COS sin# dG
COS# _ cos2 #
(3.49a)
The explanation is this has always the form of the infinite fluid with an additional 
term, consisting of a double integral over an oscillating integrand, which has to be 
evaluated numerically. The integral is carried out over the complete immersed surface 
of the object. The Green’s function source potential G(x,y,z; tj,Q satisfies all the 
boundary conditions of the problem apart from that on the body surface. Based on the 
assumption of the linearized theory, the steady potential must satisfy continuity:
V20> = 0
and on the body under the free surface O must be satisfied:
(3.50)
V<f> - n = unx on s0 (3.51)
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then the free surface boundary condition can be written as:
K —-  + — r  = 0 on z=0 (3.52)OL CX
By definition of the Neumann-Kelvin problem, the free surface condition is 
linearized, but no restrictions are imposed on the shape of the hull surface. Some 
justification for adopting the linear free surface condition of the type expressed in 
equation (3.52) may be derived from experimental evidence which suggests that ship 
generated waves have relatively small amplitude over a large portion of the free 
surface, Baar (1987). More precisely, the wave elevation, f  w, can be written as:
iw ~ -~ |V O |2) on free surface (3.53)ax 2
Furthermore, in order to ensure that the velocity potential has the correct behaviour in 
the far field the source does not generate waves upstream or far in front of the ship.
In this case the waves follow the ship and there are no upstream waves.
Source strength density on each panel calculates in the same way as before (in the 
section 3.3.1). The calculation follows by solution of the last part of Green’s function 
equation (source potential), as Wehausen has pointed for exact ship boundary 
condition without trim and squat this can be written as equation (3.31).
Serious drawbacks of the method are associated with CPU time as well as accuracy. 
Most computational schemes of the Green’s function are not fast enough and validity 
of the numerical solution may be uncertain. Despite several attempts having been 
made to develop a reliable, fast enough and more accurate scheme for the numerical 
solution, further research is still needed to improve it. More detail can be found in 
Iwashita and Ohkusu (1989), Baar and Price (1988), Wehausen and Laitone (1960) 
and others.
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4 NUMERICAL PROCEDURE OF THE THEORETICAL
APPROACH
Throughout the previous chapter the fundamental mathematical formulae and their 
application of the potential flow were discussed. In this respect, it is assumed that, sea 
water is inviscid, incompressible, irrotational with a constant density, while 
atmospheric pressure is assumed at the free surface. The right handed co-ordinate 
system is fixed on the mid-ship at the free surface level, which is moving forward in 
the positive x-direction at constant speed (w, 0, 0) and there are no external forces or 
moments acting on the ship.
This chapter discusses the procedure for implementation of the theoretical approach 
of the current research to analyse the stability of a ship with forward speed. Although 
the stability in nature is an unsteady problem, in the research it is assumed that for a 
ship sailing in the steady state with a constant forward speed in calm water the 
effects of different speeds on the intact GM are sought. In fact, hydrostatic pressure 
acts on the wetted surface of a stationary floating body in calm water, where there 
are no current and external forces or moments acting on the body, only the weight of 
the body equals to the buoyancy force. The situation is very different for the body 
sailing in calm water, there is a contribution of hydrostatic and hydrodynamic forces 
acting on the wetted surface of the body in the same water. The buoyancy force 
includes hydrostatic and hydrodynamic forces, which depend upon the shape and 
speed of the body. Sinkage of the body shows the effect of contribution of the forces 
on the body against gravitational force on the body. An example is lifting of a high 
speed ship in a speed range. In addition, any inclination angle transversely and / or 
longitudinally of the sailing body depends on location of the centre of gravity (G) 
and location of the residual forces acting on the body (B). Hence, unbalanced 
pressure distribution on the wetted surface related to the CL and / or related to the 
mid-ship section creates inclination angle (heel and/or trim, and may contribute to 
yaw). Therefore, action of the unbalanced pressure distribution on the wetted surface 
of the sailing body may increase or decrease these angles. The work presented herein 
uses the panel method of CFD to compute pressure distribution on a ship hull form to 
investigate the aim of the research.
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The technique was first developed in aeronautical engineering for analysing arbitrary 
body shapes such as wing sections by Hess and Smith (1967). Generally, the flow 
around an arbitrary three dimensional body may be analysed using the boundary 
integral equation method replacing the boundary value problem as an integral 
equation that was established by Hess and Smith. The arbitrary three dimensional 
body surface is approximated by using either quadrilateral or triangular panels. The 
method has been successfully applied in many applications by other researchers, and 
was well documented by Katz and Plotkin (1991).
The mathematical model adopted is based on Kelvin source distributed on a ship’s 
hull. For a ship travelling with steady forward speed at the free surface the wave- 
making solution was derived from a Neumann-Kelvin formulation by means of a 
three dimensional linearised potential flow theory.
To solve the linear hydrodynamic problem in three dimensional analysis one may use 
the Neumann-Kelvin formulation, which is one of the most popular methods. In the 
method the free surface boundary condition is linearised using the free stream 
potential at the mean position of the free surface and the body boundary condition at 
the mean position of the body surface. Then the geometry of body form is arbitrary, 
and discretization of the body surface satisfies the body boundary condition at the 
collocation points.
Mainly, the method is used to calculate the pressure distribution on the wetted hull 
surface at certain loading conditions of the ship. Then the actions of forces on the 
wetted hull surface are computed corresponding with variation of forward speed of 
the ship. The location of the centre of gravity of a ship may not exactly be on the 
centre plane (OXZ) as shown by Kap and Kastner (1990). Therefore, there exists 
unbalanced pressure distribution related to the centre plane, which may cause 
inclination of the ship. Hence, the variation of the GM, since it is indication of the 
stability of a ship, may be evaluated by equating the inclination moment with the 
righting moment, in a sea-way. Here, it is assumed the unbalanced pressure is only 
related to the x axis and not to y axis, and the yaw angle or motion does not occur.
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For the purpose of the research a CFD potential computer code, based on the 
discussed theoretical method has been developed. Through the last three decades 
many CFD code have been developed to compute hydrodynamic forces on a partially 
floating body for steady and unsteady flow and also for viscous and non-viscous flow 
problems. Some of them were introduced by Larrsan (1998) and also research 
presented at ITTCs, stability workshops and RINA conferences. However, due to 
unavailability of validated CFD computer code for the research at UCL as a tool, the 
presented potential CFD code started from a very basic stage and was developed as 
described in the following.
triangular panels. As mentioned above there may be very powerful mesh generation 
computer codes available in many other research centres, but due to unavailability of 
such a tool a mesh generation computer code was also developed for the purpose of 
the research. The procedure o f the mesh generation is discussed in Chapter 5 in detail. 
However, Figure 4.1 shows the system of co-ordinates, and brief definitions o f node 
and panel numbering on the immersed part of a ship’s hull.
4.1 INPUT DATA
The computational domain is the wetted surface o f a ship’s hull. It is divided into N
Water surface £ XO
n
2
Figure 4.1 Immersed hull definitions
Where:
Oxyz is the global co-ordinate system (GCS) fixed at mid-ship 
0§r| is the local co-ordinate (LCS) system on the element 
1, 2 and 3 show the local node’s number of an element 
I and II show the element’s numbering.
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The mesh generation computer code prepares two data files. One of them includes the 
node number and its specification in the Global Cartesian Coordinate System (GCS), 
the file is called ‘fnod.daf. The other one named ‘tele.daf includes the element and 
its corresponding nodes. Examples of these data files are shown in Tables 4.1 and 4.2 
respectively.
Node X y z
1 0.13436650E+03 0.000000E+00 0.0000E+00
2 0.12790000E+03 0.145500E+01 0.0000E+00
3 0.12150000E+03 0.267225E+01 0.0000E+00
4 0.11510000E+03 0.389400E+01 0.0000E+00
38 0.25500000E+02 0.607000E+01 -0.3500E+00
39 0.19100000E+02 0.344000E+01 -0.3500E+00
Table 4.1 Example of the node numbering and co-ordinates in the GCS stored in
‘fnod.dat’
Panel Corresponding Nodes 
1 2 3
1 22 21 1
2 1 2 22
3 23 22 2
4 2 3 23
Table 4.1a Example of the panel numbering and corresponding nodes stored in
‘tele.dat’
Panel I
Nodes
1 X1,Y1,Z1
2 X2,Y2,Z2
3 X3,Y3,Z3
Panel II
Nodes
1 X1,Y1,Z1
2 X2,Y2,Z2
3 X3,Y3,Z3
Table 4.2a Examples of panel numbering and corresponding nodes specifications
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These data files, which define the wetted surface of ship’s hull, have suitable input 
format for the CFD computer code. In addition, input data files, with panel number 
and coordinates o f three corresponding comers in format as shown in Table 4.2a is 
used for validation of the CFD code. The original of the file for quadrangular panel on 
the wetted surface o f a Wigley hull was provided by the Ship Stability Research 
Centre of University of Strathclyde.
For visual checks o f the generated panel on the wetted surface of the model some 
graphical examples are shown in Figures 4.2 to 4.4. More information and validation 
of the code may be found in Chapter 5.
Cross sections of the physical model are shown in Figure 4.2. It shows how the cross 
sections of the model change from bow to stem. Whereas, figures 4.3 and 4.4 show 
the arrangement of the triangular panels that are fixed on the wetted surface o f the 
model.
Figure 4.2 View of the ship, showing body curves, and cross sections from bow to aft
Figure 4.3 View of the immersed part of ship by the triangular panels
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Figure 4.4 Front view o f an inclined ship wetted part
The CFD code has three parts: pre-processing, processing, and results. These are 
applied to implement the theory in Section 3.3. More detail is described in the 
following sections including how they link together for the purpose o f the research.
4.2 PRE-PROCESSING
The pre-processing o f data for steady potential flow (the CFD code) works such that 
data are read from input files as described in detail in the above section. The first 
action of this part is to introduce the wetted surface o f the model to the CFD code as 
the computing domain. Area, centroid, unit normal vector on each panel, and amount 
o f volume that a panel contributes to the total displacement o f water due to the ship’s 
immersed hull are calculated in this stage o f the code. These results are stored for the 
following calculation.
4.3 PROCESSING
In order to compute the strength o f the source on each panel, the components of 
normal velocity must be known in accordance with the boundary condition given in 
equation (3.34). Components o f normal velocity are obtained following the method 
for rectangular panels used by Hess and Smith (1967), and the method was modified 
for the triangular panel in the theoretical formula as shown in equations (3.43) to 
(3.48) for the current panel form.
Equations (3.35) to (3.40), and (3.43) to (3.48) are referenced to the local co-ordinate 
system (LCS) of each panel. Therefore, in order to use equations (3.43) to (3.48),
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transformations are required. There are linear and rotational transformations for data 
from the GCS to the LCS, and subsequently for results from LCS to GCS. As the 
origin of the LCS is assumed on the centre of the panel so the linear transformation is 
from the GCS to this point on the panel. The rotational transformation is in the form 
of a transformation matrix to transfer the corresponding co-ordinates of all nodes of a 
panel from the GCS to the LCS on the panel, details presented in the Appendix B.
In order to shift the data from the GCS (x, y, z) to the LCS (£ tj,Q, the linear 
transformation of data is from the GCS to the centre of each panel. Therefore, nodal 
coordinates of a panel are used to find this origin. The corresponding nodes of each 
panel are used to establish the rotational transformation since rotations are not 
available as angles as discused in Appendix B. Once the transformation matrix {t} is 
calculated for a panel, the corresponding coordinate of each comer of the panel on the 
LCS may be computed as shown in equation (4.1).
4 Xp-Xc h\ hi hi
> = <y P ~ y c ►< t21 t22 hi
zp ~ z<. }i\ hi hi.
where: £ //, and £  are co-ordinates of a node on the LCS
xPtyp and zp are co-ordinates of a node of an element from the GCS 
xc yc and zc are co-ordinates of centroid of an element from the GCS 
ty i=1..3J=1..3 are coefficients of transformation matrix.
Hence, the data are ready for equation (3.43) to calculate N by N coefficients of Ay. 
To estimate strength of source on each panel, the RHS of equation (3.34), which is the 
boundary condition, must be calculated. Then with N panels on the wetted surface of 
the hull there exists a linear system of N equations, which can be solved 
simultaneously to obtain the source strength on panels:
Once the strengths of the sources have been obtained, in order to evaluate the velocity 
potential on each panel, the component of By is calculated using equation (3.48):
A
2^
bu .. .. bXN <?1 '
\ .. ! °2— "
•
K
P n\ " •* bNN
(4.3)
Now, having obtained the velocity on each panel, the pressure distribution on each 
panel can be calculated using equation (3.23).
In order to confirm that the code developed was functioning correctly it was necessary 
to validate the results against a known result. Therefore a hemi-sphere and a Wigley 
hull were chosen as test cases.
4.4 RESULTS
In order to solve the problem numerically and verify the results, firstly it is assumed 
that the motion of the model does not disturb the water surface (double body). Then, 
contribution of the pressure distribution of generated wave, due to steady forward 
speed of the model on the free surface, on the wetted surface of the model is added to 
evaluate the total velocity potential. In other words, the velocity potential can be 
computed in accordance with the flowchart shown in Figure 4.5 for steady state 
condition, once applying the formulae as discussed in section 4.3 and 3.3.
The generated waves on the free surface for deep and unbounded water can be 
modelled mathematically by the Green’s function as equation (3.49), which is used to 
evaluate the small amplitude waves generated due to motion of the body on the free 
surface (surge). More detail about the Green’s function can be found in “Surface 
wave” by Wehausen and Laitone (1960). The evaluation of the Green’s function was 
found to be very sensitive to position of the panel in particular near to the free surface, 
as is reported in valuable papers by Newman (1987), Ursell ( 1960, 1988), Baar and 
Price (1988), and others.
Accordingly, Bernoulli’s equation is used in order to compute pressure distribution on 
the wetted surface of the hull once the velocity potential is obtained from the above
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methodology. Forces and moments can be then computed for the prescribed loading 
condition and given forward speed.
Results of the code must be validated before any effort for the aim of the research, 
therefore, a Wigley ship hull form and a hemi-sphere are chosen as a test case for the 
validation of the code.
Start
Hull geometry 
as:
Elements and corresponding nodes number 
and
Nodes and corresponding co-ordinates
 1__________________
Preparation o f data 
to compute
Area, Centre, Normal and Transformation matrix 
for each element
This part is f 
for body and! 
its image j
Calculation of components o f matrix A i} 
and
estimation of strength of source on each panel
Calculation of components o f matrix By 
and
to assess velocity potential on each panel
End
Demonstrate
results
Evaluate pressure and force on each panel
Solution of Green’s function to obtain Gx, Gy and Gz 
and
velocity potential on each panel
Estimate: 
restoring force 
wave making resistance 
vertical force 
centre of flotation 
wetted area & volume of displaced fluid
Figure 4.5 Complete CFD computer code flow chart
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4.4.1 VALIDATION OF THE CFD POTENTIAL CODE
It is assumed that a hemi-sphere is immersed in calm water. It moves in the x- 
direction with speed u, as for the ship model and for the Wigley hull. The new mesh 
generation computer code was developed to create triangular panels on the hemi­
sphere surface. The shape o f a hemi-sphere is geometrically regular, and can be 
created with respect to its radius and using mathematical formule. The subdivision is 
chosen with the GCS origin o f the hemi-sphere in the z direction, as its water line 
level, and on each circumference of a water line as water plane. Some graphical 
results of the mesh generation code are shown in Figures 4.6 to 4.9.
On completion of the mesh generation two output files are generated ‘fnod.dat’ and 
‘tele.dat’. These are input data to the CFD code. The results o f running the code can 
be pressure distribution, resistance, sinkage and trim moment, the area o f the
Figure 4.7 Plan view o f the hemi-sphere
immersed part of sphere and volume o f the disph 
Figure 4.6 Perspective view of the hemi-sphere
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Figure 4.8 Perspective view of the hemi-sphere
Figure 4.9 Plan view o f the hemi-sphere
The other test case is a Wigley hull introduced in section 4.1. It is a mathematical 
form of model for research purposes, and the offset of the Wigley hull form may be 
described as follow:
Where:
(4.4)
B is beam of the Wigley hull form 
T is draft o f the Wigley hull form 
L is length of the Wigley hull form
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The pressure distribution on the wetted hull surface produces a steady lift force and 
trim moment. The force leads to sinkage, as well as the moment to trim. The 
importance of the trim and sinkage of a ship was investigated by Vassalos (1996) and 
Ikeda and Katayama (1996). If an unbalanced pressure distribution exists on the 
wetted ship hull referenced to the CL plan (oxz), it produces an inclination moment 
that inclines the ship. Development of the inclination angle depends upon the 
equilibrium sign which either increases the angle or decreases it. Here, it is assumed 
that there is no unbalanced pressure distribution referenced to the mid cross section of 
the ship (oyz) plan.
Once the pressure distributed on the panels are computed, forces and moments can be 
determined through the steady pressure integration over the wetted hull surface.
Lift = - \\P titds (4.5)
5
restoringMoment = -  JJPn4ds = -  ^ P.(ynz -  zny )ds (4.6)
S S
TrimMoment = - ^ P n sds = JJp.(z«^ - x n z)ds (4.7)
5 5
nx, ny, nz Normal unit vector components in three directions according to the 
Cartesian coordinate system.
ni to 6 Modes of motion: Surge, Heave, Yaw, Roll, Pitch, and Sway respectively.
The numerical results of the current research are presented in the following figures as 
University College London (UCL-ASD). For validation of the results the steady state 
wave resistance, sinkage force and trim moment are chosen. For comparison between 
the results with other research in this area it is assumed that the model is running in 
surge mode in calm water at constant forward speed where forces and moment on the 
body take constant values. Comparison between the CFD results with the results of 
Kara and Vassalos (2005) show good agreement. Figure 4.10 shows the steady wave 
resistance of the Wigley hull form, the wetted surface of the body is discretized with 
144 panels on the half of the body surface. Sinkage force and trim moment are 
shown in Figures 4.11 and 4.12
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Figure 4.10 Comparison o f wave resistance o f Wigley hull at different Froude number
for validation o f the code
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Figure 4.12 Comparison o f Trim of Wigley hull at different Froude number for
validation o f the code
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Comparison of the current research results with validated results o f Kara and Vassalos 
(2005) have shown that the modelling is fairly successful.
For geometrical validation of the results Figure 4.12a shows comparison o f the code 
with analytical mathematical formulae of the sphere surface.
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Figure 4.12a Area for the hemi-sphere vs. different number o f panels.
Convergence of the vertical force o f the hemi-sphere is shown in Figure 4.12b with 
very good agreement observed for comparison o f the computed verses analytical Fz 
for suitable panel number in the figure.
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Figure 4.12b Vertical force o f the hemi-sphere vs. different number o f panels 
4.5 NUM ERICAL RESULTS OF THE CURRENT INVESTIGATION
Numerical results are presented for an investigation into the effect o f forward speed 
on the transverse stability o f a ship in calm water in the following. The previous 
section has shown validation o f the CFD code. More comparison o f results will 
confirm the approval o f the code in the following section. Various parameters were 
computed over the prescribed speed range, and inclination angles in the range o f  small 
inclination angle. These parameters or results included sinkage and trim moment,
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pressure distribution on the hull, wave making resistance and forces on the hull. 
Different numbers of the triangular panels for different loading conditions 
representing the wetted hull surface of the ship as the computer domain are shown as 
examples in Figures 4.2, 4.3 and 4.4, and in more detail in the Chapter 5.
The selected model is of an available refrigerated cargo ship physical model. This was 
the best option between this type of hull form and a tanker which were available 
alternatives for the research. Speed range for the hull may seem to be not high 
compared to a modem fast ship hull of today’s design. However the model was one of 
the fastest ships of that time. Although, the relatively low, moderate and high speed 
referred to this type of the vessel are not comparable to the very fast and modem ship 
hulls of today’s designs, the methodology of the research theoretically and 
experimentally have shown good results on the Wigley hull form in section 4.4 and 
4.5.2.
4.5.1 INITIAL CONDITION
The first set of results is shown for an initial condition of zero inclination angle, and a 
draft of 7.55m. For this condition the mesh consists of 456 triangular panels.
The ability to solve wave resistance for ship hull forms may be considered as a 
comparable result with available experimental data or other’s theoretical methods, 
then it may be considered as a challenge of numerical ship hydrodynamic research. 
However the solution is very sensitive to the mesh, due to very complicated 
mathematical formulae, as some computed results have shown e.g. Liangzi and 
Hsiung (1990). Figure 4.13 shows the computed wave resistance for the range of 
speeds of the ship. In fact, once the vessel begins to move from the stationery 
condition, due to the induced motion of surrounding water, at very low speeds the 
wave making resistance starts rising as speed increases, and at some level of speed it 
begins to decrease. In reality, total resistance of a body moving in a fluid depends 
upon wave making resistance and viscosity term of the fluid, the viscous term may be 
evaluated from extrapolation of resistance method for three dimensions introduced in 
ITTC 72 and 78 or other methods, but it is not considered here.
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As it is assumed the fluid is inviscid the CFD code computes the wave making term of 
resistance. Generally, in a speed range of a body moving in calm water for the wave 
making resistance plot some hollows and humps appear, which are very important for 
evaluation of powering and propulsion system. Figure 4.13 shows an estimate (using a 
coarse mesh) o f wave resistance for the initial condition. The pattern o f the plot shows 
behaviour, which is possibly correct. Due to unavailability o f experimental results for 
the model it is not possible to make comparison. However, the results o f the code are 
validated for the Wigley hull form. Moreover, the quality o f the prediction of wave 
resistance and other forces is dependent on the fineness of the mesh, but in some 
range of grid size results must show independence on the grid size. This is examined 
in the next section (4.6.2) with an increased number of panels.
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Figure 4.13 Wave resistance versus speed at initial condition
On the free surface for moderate and high speed ranges relatively larger wave 
amplitudes are generated than for the low speed range relatively. This shows that the 
wave resistance depends upon the hull form, the maximum cross sectional area o f the 
hull normal to the direction of motion, and speed.
The resultant force of the vertical pressure is the buoyancy force, and at equilibrium 
condition this equals the weight of a ship when stationary and there are no external 
forces and moment acting on the ship. Owing to forward speed this force varies. If 
this force is greater than the ship’s weight it causes the ship to rise (reducing draft).
♦  C W  F O R  4 5 6  p an e ls
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Conversely if  this force is less than the ship’s weight the ship must be sink lower in 
the water (increases the draft).
Figure 4.14 shows the resultant vertical force on the hull for a range o f speeds at the 
initial condition. The plot shows that for a small number o f panels at low speed the 
computed Fz is less than the ship’s displacement. It increases slightly for moderate 
and high speed range, in other words it is oscillating near and above the ship’s 
displacement with speed. Generally, it is seen that the variation o f speed modifies 
vertical force, demonstrating the role o f the computed pressure distribution. These 
effects are presented in Figures 4.15 and 4.16 as sinkage and trim respectively.
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Figure 4.14 Resultant vertical forces versus speed at initial condition
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Figure 4.15 Sinkage forces versus speed at initial condition
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Figure 4.16 Trim moment versus speed at initial condition
4.5.2 EFFECT OF IN CREASING N U M BER OF PANELS
As mentioned above, the results o f numerical methods depend strongly on the 
discritisation o f the body. A second set o f results was computed for the initial 
condition, but with a different numbers o f panels. Figure 4.17 shows a comparison 
between the wave resistances versus speed using 456 with 912 panels. The computed 
resistances are seen to be fairly similar. This is because the maximum area normal to 
the direction o f the motion does not change very much in this case since the 
midsection area o f the ship is o f rectangular form, but along the hull due to more 
realistic hull shape this affected the results in particular for the high speed range.
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Figure 4.17 Wave resistances versus speed at initial condition for two sets o f panel
size
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However, increasing the number o f panels shows significant effects on wave 
resistance, forces and moments. Figure 4.18, using the model with 456 and 912 
panels, shows a significant effect on the resultant vertical forces on the hull across the 
speed range. The figure shows that for both sets o f panels, the buoyancy force 
oscillates about the weight of the ship although the oscillation for higher number of 
the panels is closer to the ship weight than lower number o f the panels. The slope of 
the plot for the higher number o f panels increases smoothly. Generally, it can be seen 
from the figure that vertical force varies due to forward speed, and the choice o f the 
number o f panels in the mesh has significant consequence on the computed results.
For a ship sailing in unbounded and calm water, the vertical resultant force is 
expected to increase in the same way as speed o f the ship increases, as shown in 
Figure 4.18. But sometimes it is not true, if  a low pressure region exists on the 
underwater area, which depends on many parameters such as trim angle, smoothness 
of surface of the wetted hull, appendages and so on as mentioned in Chapter 2.
Increasing the number o f panels on the wetted hull surface shows a significant 
influence on the computed results as shown in Figure 4.17 to 4.20.
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Figure 4.18 Vertical forces versus speed at initial condition for two sets o f panel size
In the low speed part o f the plots the results coincide more or less for both the lower 
and higher number of panels up to Fn «  0.1, although evidently for better simulation
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and meaningful results more panels or more accurate form of the hull are required. In 
some papers it is suggested more than 3000 panels are required but it depends on 
ability o f computer, the computer program and implemented method of computing.
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Figure 4.19 Sinkage versus speed at initial condition for two sets of panel size 
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Figure 4.20 Trim moment versus speed at initial condition for two sets o f panel size
To consider the effect o f increasing the number of panels on the wetted surface o f the 
Wigley hull form the following results show comparison between the CFD results 
with the results o f Kara and Vassalos (2005). The comparison shows better agreement 
with increased number o f panels. Figure 4.21 shows the steady wave resistance o f the 
Wigley hull form, the wetted surface of the body is discretized with 144 and 256 
panels on the half o f the body surface. Sinkage force and trim moment are shown in 
Figures 4.22 and 4.23.
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For a submerged hull it is not likely that underwater body is symmetric. Generally the 
submerged hulls of real ships may not truly be symmetrical for many reasons, such as 
appendages, inaccuracy of KG estimation of loading, small rudder angle in a seaway, 
and so on. Then, an unbalanced pressure distribution may occur due to the asymmetry 
of the wetted hull, which leads to unwanted motion. Therefore for the purpose of the 
research and true simulation of a ship in a seaway a very small inclination angle has 
been taken into account. The role of small inclination has been shown in the following 
sections to simulate the asymmetry.
4.5.3 EFFECT OF HEELING ANGLE ON PRESSURE
The third set of theoretical results was computed for the model with 2.5° inclination 
angle. This was to check the effect of unbalanced pressure distribution on the wetted 
surface of the hull over the range of forward speeds. Distribution of pressure on the 
hull in forward motion is expressed as change in wave resistance, sinkage, trim and 
restoring moment on the hull.
The wave making resistance for this case (2.5 degrees) is shown on Figure 4.24. The 
numerical solutions converge for both the grid sizes. The figure shows for both grids 
that gradients of both plots are similar in most part. In this case the inclination angle 
is of small value, the computed wave resistance is very close to its value at the initial 
condition. This is because it depends on the maximum cross sectional area of the hull 
normal to the direction of motion, as long as the area of cross section has not 
changed very much, so it is similar. This is also a consequence of the volume which 
immerses on change in heel angle being equal to that which emerges, and so there is 
no net change in volume. The calculated wave resistance in this case is more or less 
the same for both sets of panel numbers, as Figure 4.24 shows. The higher number of 
panels result is slightly larger for high speed range. Also the difference between the 
two sets of results for the lower speed range is smaller than the moderate or higher 
speed ranges.
A slight modification of vertical forces can be seen, due to increasing the number of 
panels as shown in Figure 4.25. Another significant finding is that, for most of the 
range of speeds, the resultant forces for both sets of panels vary in a similar way with
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very small differences due to grid quality. The gradients of both plots are mostly 
smooth particularly in the low speed range.
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Figure 4.24 Wave resistances versus speed at 2.5° inclination angle for two sets of
panel size
Figures 4.26 and 4.27 show the sinkage forces and trim moment for the case o f 2.5°
inclination angle. There are very significant findings from the results on these plots,
showing that in lower speed range the effect of the inclination angle is not significant
but increasing speed introduces the heave forces and the trim moments which are very
different compared with the initial condition in Figures 4.19 and 4.20 respectively.
Performance o f the force and the moment are very impotent. To make this more clear,
it was decided to increase inclination angle. The following results show better
understanding o f effects o f unbalanced pressure distribution.
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Figure 4.25 Resultant vertical forces versus speed at 2.5° inclination angle for two sets
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Figure 4.26 Sinkage force versus speed at 2.5° inclination angle for two sets of
panel size
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Figure 4.27 Trim moment versus speed at 2.5° inclination angle for two sets of
panel size
It is of course important to keep a ship upright in all circumstances. With regard to the 
results of the CFD method so far, it can be said that the computed pressure 
distribution on the wetted surface o f the sailing hull is very important, and it should be 
calculated adequately accurately for all loading conditions. At the stationary condition 
a ship is supported by hydrostatic pressure distribution on the hull, as long as there are 
no external forces or moments (in the equilibrium condition) the condition must 
remain the same. The weight of the ship is then equal to its Fz. However the pressure 
distribution will change due to application o f any force or moment, and the associated 
hydrodynamic pressure can be positive or negative, which is very important in a 
seaway for safety of a ship. Consequently, motions may occur in reaction to an 
unbalanced pressure on the hull.
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Changing of pressure distribution due to forward speed introduces vertical and lateral 
forces, which lead to sinkage, trim and rolling motion, and altered restoring moment. 
There is a consequential effect on changing the centre o f buoyancy due to sinkage and 
trim motion, as well as changing the location o f metacentric point affecting 
metacentric height (GM). These stability parameters calculated for the stationary 
condition may change for the travelling ship if the unbalanced pressures exist as the 
results have shown so far. In some case it is very important and in some cases it may 
be less so.
The risk of capsizing for any circumstance is not immediately apparent. To examine 
further the effect of variation o f pressure distribution on the ship hull, in this research 
which only considers still water condition, the inclination angle was increased to 
5.4°, 7.2° and 10° respectively. Figures 4.28 to 4.37 show the results for each set o f 
inclination angles.
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Figure 4.28 Wave resistances versus speed at 5.4° inclination angle for two sets o f
panel size
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Figure 4.29Vertical forces versus speed at 5.4° inclination angle for two sets of
panel size
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Figure 4.30 Sinkage forces versus speed at 5.4° inclination angle for two sets of
panel size
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Figure 4.31 Trim moment versus speed at 5.4° inclination angle for two sets o f
panel size
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Figure 4.32 Wave resistances versus speed at 7.2° inclination angle for two sets of
panel size
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Figure 4.33 Sinkage forces versus speed at 7.2° inclination angle for two sets of
panel size
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Figure 4.34 Trim moments versus speed at 7.2° inclination angle for two sets of
panel size
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Figure 4.35 Wave resistances versus speed at 10° inclination angle for two sets of
panel size
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Figure 4.36 Sinkage forces versus speed at 10° inclination angle for two sets o f
panel size
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Figure 4.37 Trim moments versus speed at 10° inclination angle for two sets o f
panel size
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From the above figures related to the given heeling angles and at varying forward 
speed range the following observations are noted with explanations:
Effect of a pressure distribution on the wetted surface of a ship has been considered 
for the initial condition of the ship travelling in the calm water. The results presented 
on Figures 4.13 to 4.16 show increasing speed inducing sinkage force and trim 
moment to the ship. In some part of speed range it may increase stability of the ship 
and in some part it may not. This effect is very important in increasing the risk of 
reducing stability when unbalanced pressures exist.
As discussed in Chapter 2 there are some disturbances, such as error of KG estimation 
of loading, external forces or moments such as wind pressure acting on the upper part 
of a ship, and effect of underwater ship appendages etc.., which force a ship to incline 
(small inclination angle longitudinally and / or transversely or both). Consequently, 
unbalanced pressure distributions act on the wetted surface of the hull. Here, it is 
assumed, there is a small transverse inclination angle to model the effects of 
unbalanced pressures acting on the hull.
The effect of the unbalanced pressure distributed on the ship with small inclination 
angle has been shown on Figures 4.24 to 4.27. The figures showing that wave making 
resistance may not increase significantly for small inclination angle, but it increases as 
inclination angle increases. This observed from comparison of wave making 
resistance of the initial condition with other higher inclination angles than shown in 
the figures. For lower inclination angle the computed wave resistance is more or less 
similar to its value for the initial condition (zero angle).
The effect of unbalanced pressure on the hull has been shown to cause unwanted 
forces or moments or both act on the body. Heave and/or pitch motion occur by these 
forces and/or moments for the current case as the unbalanced pressure assumed 
related only to the CL. Generally, for a ship sailing in calm water these unwanted 
forces and/or moments may increase or decrease the stability of the ship. In Chapter 7, 
this is discussed and compared with the data of experiments that conducted in the 
UCL towing tank and explained in Chapter 6.
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5. MESH GENERATION
5.1 INTRODUCTION
Partial differential equations (PDEs) are normally used to describe certain physical 
phenomena. In the cases where no analytical solution can be adopted, numerical 
methods are typically required to solve these. The latter leads to discretisation in the 
physical domain, and either the geometry (topology) of the region or a mathematical 
formula might be used to describe the domain. Discretisation of a three-dimensional 
geometry is not a straight-forward technique, particularly if the geometry is of a 
complex shape such as a ship’s hull that is the domain in the current study. The 
surface of a ship’s hull may be defined from either body curves or from a tabulated 
offset, both of which can be determined at the design stage. They form the 
configuration of the hull, which itself has to be subdivided (discretised) into cells.
A computer program has been developed to generate the mesh on the ship’s hull, for 
the theoretical part of the research. The mesh generation technique, that is used to 
divide the ship’s hull into panels, is discussed in the following sections. Brief reviews 
associated with significant points of mesh generation techniques are also presented.
5.2 BACKGROUND
Hendrix and Noblesse (1995), studied free-surface potential flow about a 
mathematically defined hull form called the Wigley hull. This hull form was 
approximated by means of flat triangular panels within which the source strength was 
piecewise constant. The flow was defined using the slender ship approximation. They 
concluded that convergence of the computed velocity potential with respect to hull 
discretisation (i.e. size and aspect ratio of panels) may require a large number of 
panels. They also indicated that the Froude number could have a considerable 
influence on accuracy of the results. Moreover, it was found that error variations 
regarding different arrangements that are characterised by the aspect ratio of a 
relatively small number of panels are fairly large.
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Hendrix and Noblesse also suggested “the errors due to hull discretisation, as well as 
other numerical inaccuracies, clearly must be demonstrated to be small enough to 
confidently ascertain the relative quality of different mathematical models”.
For the Wigley hull, at a Froude number of 0.25, Dommermuth et al (1988) showed 
that the Neumann-Kelvin source strength that depends on the Froude number and the 
hull geometry varies much more rapidly than the slender ship source strength. Hence, 
a greater number of panels is likely to be required if an integral equation is to be 
solved.
Generally for most numerical methods, the discretisation of the domain is very 
important and has a direct effect on the accuracy of the results. It is generally much 
easier to generate a mesh for a typical geometrical form such as a sphere or an 
ellipsoid or even a Wigley hull than for an irregular form like a true ship’s hull. In 
this work, the real configuration of a ship’s hull is considered. The hull form can be 
defined from design offsets appearing either in tabulated or in graphical form.
5.3 PHYSICAL MODEL GEOMETRY
The geometry of hull of a ship has been chosen from the offsets of a refrigerated 
container ship “M V Baltic Trader”, as shown in Figure 5.1, which shows the body 
lines. The configuration of the hull used in the numerical model, and for the model 
tests. The cross-section curves, in the figure, show stations from the bow to the stem 
for the half body. The curves form the right side of the figure to the centre line, CL, 
have been numbered from 10 to 20 showing the station of the mid-ship to the bow. As 
well as number 10 to 0 showing stations of the mid-ship to the stem on the other side 
of the figure from CL to the left. These curves form the shape of the hull, and are 
used to determine the offsets, and hereafter are used as initial offsets. For a given 
draft, a wetted surface may be obtained from the initial offsets from the keel, base 
line, to a chosen water line.
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Figure 5.1 “M V Baltic Trader” body lines
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The draft, which depends on the loading, provides the underwater volume of the ship. 
In other words, the wetted surface of the hull is a function of the draft, d, in calm 
water. This surface is discretised into flat panels in the mesh generation procedure. 
From the initial offsets, the code can choose the required offsets from the baseline up 
to a selected waterline, d, and fix panels on the wetted surface.
Considering potential flow over the panels, no leakage from boundaries of the 
adjacent panels should occur. In order to overcome the problem, and bearing in mind 
the curvature of the body, a triangular panel form is selected. This is due to the simple 
fact that every three nodes create a flat panel avoiding any possible leakage or overlap 
of the adjusted panels.
In the mesh generation process, panel comers are defined in a right-handed reference 
co-ordinate system, as shown in Figure 5.2. The X axis of the reference co-ordinate 
system is along the baseline pointing from the aft to the fore, with the Y axis pointing 
to the port side and the positive Z axis being upward.
1 Stem
Mid-section 
upper deck
Bow
\
D
—-------
M
■> \
Figure 5.2 Co-ordinate system of a ship’s hull and subdivisions 
D = depth and d = draft
5.4 THE MESH GENERATION PROCESS
The procedure implemented to develop the mesh generation code is described in the 
following sections. This includes methodology and application of the code, such as 
input files, processing, generating output files, and some examples of the code.
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5.4.1 INPUT FILES
There are three input data files for the offsets, as the hull is divided longitudinally into 
three parts. These are the bow, mid, and stem parts as shown in Figure 5.2. The hull 
must then be divided into a number of horizontal lines parallel to the water line. It is 
assumed that the centreline (CL) is in the plane OXZ. Therefore the offsets can be 
read from the intersection of each horizontal line (waterline) and vertical curves at 
either bow, stem, or each cross section curves in between. Figure 5.3 shows the detail 
of all parts. For reading of the offsets, it is assumed that the ship has no inclination 
angle either longitudinally, trim, or transversally, heel.
In order to insert the tabulated offsets into input data files it is necessary to know the 
above offsets for the bow, mid, and stem parts. For the case that there are no such 
tabulated data, these must be worked out from its bodylines. Alternatively, tabulated 
data should be classified as the following procedures.
In order to classify the tabulated data, or to read offsets using a body curves as in 
Figure 5.1, and as was mentioned previously in Section 5.4, additionally it is shown in 
graphical form in detail in Figure 5.3. The small arrows on the curves show location 
of offset values for reading. The following set of procedures explains how to read it 
from the bodylines, and how to arrange it for putting in each input file:
• Firstly, the bow curve is separated at the intersection of the keel (baseline) with 
the bow curve up to the upper deck. The bow curve is assumed to be on the 
OXZ plane, and therefore the length of each node on this curve at any waterline 
level can be read from the reference co-ordinate system. Hence, on the bow 
curve any node has length (X), Y = 0, and height value Z = wlj as is shown in 
Figure 5.3a. This value must be arranged from the baseline, where Z=0.0, up to 
maximum depth (D) as below:
( X base, Y=0, Z= wl base) Z is almost equal to zero for first node.
( Xj, Y=0, Z= wl i) Z is equal to draft of first waterline.
( X dwi, Y=0, Z= wl d) Z is equal to draft at design waterline
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(X D, y =o, Z=D) Z is equal to depth of the hull for last node.
In the ‘bow.dat’ input file, the arrangement of the data is from lower waterline to 
upper waterline. But before entering the data the number of waterlines should be 
introduced, then the level of each waterline, and the length of each node on the 
bow curve must be inserted after the maximum waterline level, as below:
♦Number of waterlines;
♦Waterlines wl0 (wl0 is usually zero, because it is assumed on baseline)
: (Waterline’s level that is selected between wlo and wld)
♦Design waterline wld (Level of design waterline from the baseline)
: (Waterline’s level that is selected between wld and wlD)
♦Height of the deck D (Level of depth from the baseline)
♦Length of each node on the bow curve:
Xo (Length of intersection of wlo with the bow curve)
: (Length of intersection of wl* with the bow curve)
Xd (Length of intersection of wld with the bow curve)
: (Length of intersection of wlk with the bow curve)
Xd (Length of intersection of wlo with the bow curve)
The number of lengths of nodes (X) is equal to the number of waterlines.
• Secondly, the midsection of the ship is selected as a part of the body between the 
bow curve and the stem curve, the mid-part includes many curves (cross-sections). 
The distance from the reference co-ordinate system to any station is of constant 
length for all nodes lying on the curves. The offsets for each cross-section where X 
is constant can be read on the plane OYZ as shown in Figure 5.3b. The first curve 
or station is assumed to be the nearest to the bow curve. Then the Y co-ordinate 
from the centre plane or the OXZ plane can define nodes on that cross section at 
each water level. The co-ordinates of these nodes must be arranged from the 
nearest curve of the bow to the aft for the mid input file named ‘mid.dat’.
To store the data in the “mid.dat” input file, the number of all stations between the 
bow and stem curve must be introduced first. Then the length of each station (cross
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section) from the reference co-ordinate for the station, followed by the Y values for 
nodes lying on the same station, must be inserted. After that the length of the next 
station and Y values for nodes on this station put in the file, and so on. This procedure 
is begun from the nearest curve from the bow to the stem. The number of Y values on 
each station must be equal to the number o f waterlines. The number o f stations, 
between the bow and the stem curves, must be equal to number of length o f station 
from the origin reference, OXYZ.
Upper deck
water lines
o X
7
O
(c) For reading X and Z
X
(a) For reading X and Z
mid-ship cross sections
reading offsets
X  = (b) For reading Y and Z on each station
X
Figure 5.3 Subdivision and how to read offsets from body lines, bow(a) mid (b) and 
aft(c), with XYZ as reference co-ordinate
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• Finally, the stem curve is separated at the intersection of the keel or the 
baseline with the stem curve, using the same method discussed above for the 
bow curve. The offset is a point on the stem curve of intersection of the curve 
at each waterline division on the centre plane OXZ. It can be defined by 
length and height as (X, Y=0, Z= wl). Figure 5.3c shows an example of these 
data. These points’ co-ordinates are inserted to the ‘stem.dat’ input file using a 
process similar to that used for the bow, except for the first part of the data 
that specifies the waterline numbers and their levels from the baseline.
For the mesh generation, all input data are stored in the three data files as described 
above. The data are defined from the baseline (keel) up to the weather deck (upper 
deck).
5.4.2 COMPUTER CODE PROCEDURES
The code can read data from the above files and once the draft, d, has been selected, 
the mesh can be generated for the hull. The algorithm Table 5.1 shows the procedures 
for the mesh code, which can be divided into two stages. The first part is able to fix 
panels on the wetted surface of the hull. The second part considers the inclination 
angle of the hull. The procedures of the code are discussed in the following sections.
5.4.3 CHOOSE REQUIRED DATA
The selected draft must be between the baseline and the maximum waterline. If the 
selected draft occurs on one of the waterlines, which is stored in the input files, it is 
an easy task to establish the relevant data, if not so. Then the selected draft lays 
somewhere between two waterlines, which are stored in the input data files. Therefore 
on each curve the required data is between two adjacent waterlines, the computer 
code can find it by interpolation between the adjacent offsets on each curve. In order 
to find data on each curve, which depends on the bow, stem, and midsection curves, 
the following formulae are applied for interpolation:
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• On the bow or stem curves for an X value between two adjacent waterlines above 
and below of the chosen draft, d, the X value can be calculated from:
* , = ■ * , +  z  _ ' ( d - Z , )  (5.1)
where d is the selected draft, and subscripts 1 and 2 denote the vertical co­
ordinate of the waterline below and above the chosen waterline 
respectively.
• On the midsections, curves are located on the constant X values, therefore Y 
values must be interpolated. To compute a Y value of a node between two 
adjacent waterlines with respect to the chosen d the following formula is 
applied:
= (5.2)
2 1^
Notation and subscripts have the same meaning as above.
Yes^  Control ^  
of inclination 
\ Nangle>/  
^ < N o
Start
End
Preparation of data for 
each station (curve)
Preparation hultri.inp for Abaqus 
to show the generated mesh
Transformation of data from 
reference co-ordinate system to 
global co-ordinate system
Arrangement of panels in order to prepare 
output as:
Fnod.dat & Tele.dat
Hull geometry 
as:
offsets from body lines or tabulated 
bow, mid and stem
Preparation of data 
to select
data from the offsets starting from base line up to 
water- line up to the selected draft.
Table 5.1 Algorithm showing key procedures in the mesh generation code
106
The data in the three input files are arranged in two-dimensional form, but up to this 
level of the code, the required data in respect of the chosen draft are separated from 
input files data. They are then arranged in three-dimensional form associated with the 
position of nodes in space on the hull surface. Hence the real underwater form of the 
ship’s hull may be represented from selected data in 3D shape for the chosen draft. 
The numbering of nodes, elements and the graphical mesh generation are discussed in 
Sections, 5.4.5 to 5.4.8, and 5.5.
Up to this stage, the mesh can be generated based on the selected draft without any 
longitudinal (trim) and transverse (heeling) inclination angle. Considering the 
transverse inclination angle, which is very important in the stability of a ship, the 
code is able to select the required data within the original offsets. Although in 
general, a ship when heeled will also trim to maintain its longitudinal equilibrium, it 
is assumed that there is no contribution from roll and pitch motion. Therefore due to 
the transverse inclined angle, the resultant immersed volume wedge remains equal to 
the emerged volume wedge. For selection of the required data at the chosen draft and 
heel angle, the algorithm in Table 5.1 shows that the code advances to the second 
stage, which begins with the inclination condition.
5.4.4 APPLYING INCLINATION ANGLE
The heel angle is defined in such a way that a positive angle indicates that the port 
side is immersed. Firstly the level of the waterline (dn) for the inclined ship must be 
found on each curve (sections). Secondly the required data must be selected from the 
initial offsets (input files). Therefore data on each curve selects from the baseline up 
to the relative waterline on the n curve. The relative waterline level dn with regard to 
the heel angle and the draft on each curve can be obtained from:
r f . 'Z o  + O i - W y z f (5.3)
or relatively:
d . = d  + (Yd. - Y 0)taai<p) (5.4)
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where: dn and Ydn indicate values o f draft and half beam on the nth curve for
the inclination angle cp. Subscript 2 indicates the level o f the waterline 
at the initial condition ((p = 0), and subscript 1 indicates the nearest 
waterline below the 2 at initial condition. Subscript 0 indicates the 
position of the node on the centre plane for each curve. The detail is 
shown in Figure 5.4.
Typical curve in the fore or aft o f  the mid-section Free surface o f  water at heeling (p
Nearest water level to w linitiai
heel*
^ T y p ic a l curve in the mid-section
OL
Figure 5.4 Position of the waterlines and nodes on the free surface for an inclined ship 
5.4.5 NODE NUMBERING
The last stage of the above process involves node numbering, which begins with each 
node on the upper waterline on the port side, from the fore to aft, then moving to the 
next waterline, and so on until the baseline. From the baseline the node numbering 
continues on the starboard side to the upper waterline. The numbering is shown in 
Figure 5.5.
5.4.6 ELEM ENT NUM BERING
In a similar fashion to the node numbering, the element numbering begins on the port 
side from the top of the bow to top of the stem, between two adjacent waterlines and 
continues down to the baseline, as shown in Figure 5.5. Then the next row of 
elements is numbered by a similar procedure on the same side of the hull. Once the 
keel or baseline has been reached the elements on the other side of the hull are 
addressed, whereby the same process of numbering, but in the reverse direction (from 
bottom to top) is followed. This is also shown in Figure 5.5.
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It should be noted that in this stage, the reference coordinate system (OXYZ) is 
transferred from the baseline to the upper waterline on the mid-ship section of the 
underwater part of the hull (oxyz). Hereafter it is referred to as the Global Coordinate 
System (GCS). It is now on the free surface, and is shown in Figure 5.5.
Nodes numbers
x
Port side
AftFore
Starboard side 180
200
201 202 2193
n-1
Elements numbers
Figure 5.5 Node and element numbering on both sides of the ship and repositioning of
the coordinate system
5.4.7 TRANSFORM ATION
For the transformation of coordinate systems, two linear transformations are 
involved. Firstly in the vertical direction from the original location of the reference 
coordinate system to the upper waterline which is dependent on the selected draft. 
Secondly horizontal transformation from the previous position at the stem of the hull 
to the half-way position of the chosen upper waterline, which is about 0.5 Lwl from 
the reference coordinate system origin to the mid-ship.
For the inclined case a rotational transformation is required. In this case it is assumed 
that in any condition the free surface is in the plane oxy of the global coordinate 
system (GCS). Then the GCS must rotate in the same way as inclination angle and by 
that value.
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5.4.8 OUTPUT FILES
The output of the above process is fed into two data files ‘fnod.dat' and ‘tele.dat \ 
The former data file includes nodes and corresponding coordinates (x,y,z), whereas 
the other contains element numbers and corresponding nodes respectively.
The generated mesh may be viewed in graphical form, if it is necessary, so the user 
can ensure that the mesh is correct for the calculation. For this purpose the 
commercially available very powerful finite element package ABAQUS was chosen 
due to its robust behaviour. It not only shows the perspective view of the mesh but 
also very easily allows the mesh to be rotated in any direction. It has also powerful 
facilities to check the arrangement o f panels, and also to interactively check the panel 
numbering with associated nodes, and nodes with corresponding coordinates. To 
display the mesh by ABAQUS an output file 4hultri.inp ’ is automatically prepared.
5.5 SOME EXAM PLES OF M ESH GENERATION
Some results are shown here firstly for different drafts for zero initial heeling angles, 
and then for some transverse inclination angles.
Figure 5.6 shows the perspective view of the bodylines from bow to stem. In this 
figure the rectangular panel is fixed on the wetted surface of the hull, without any 
heeling angle.
Starboard
Figure 5.6 View of ship bodylines showing bodylines from fore to aft
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Figure 5.7 shows the perspective view of the ship with a small angle of rotation. 
These two perspectives show body curves along the ship’s hull, and how they vary 
along the ship’s length
Figure 5.7 View of the ship hull, showing a small of rotation
The shape of the triangular panel mesh is shown in Figure 5.8. This figure presents 
structural triangular panels, which are fixed on the wetted surface of the model.
Figure 5.8 View of the hull, showing the triangular panel on wetted surface
from bow to aft
Spline interpolation is applied to increase the number of panels in the longitudinal (x) 
and the vertical (z) directions. Figure 5.9 presents a perspective view of the result of 
one subdivision between two nodes in the x and also in the z directions. The front 
and aft views of the model are shown in Figures 5.10 and 5.11.
I l l
Figure 5.9 View of the hull, showing increased number of the triangular panel 
on wetted surface from bow to aft
Figure 5.10 Front view of the hull
Figure 5.11 Aft view of the hull
112
The graphically simulated form from the mesh code shown in Figure 5.12 may be 
compared with the bodylines in Figure 5.1. The comparison between these two 
figures shows that the bodylines of the drawing in Figure 5.1 and the code 
presentation in Figure 5.12 mostly are the same.
Figure 5.12 Body curves created by the mesh code from bow to the midship of
the M V Baltic Trader
Another application of the code is to generate the mesh over an inclined ship. The 
results can accurately simulate an actual practical form of an inclined ship due to 
either the loading of a ship or other circumstances, which incline the ship during a 
voyage. The author believes that any mistake during KG estimation in loading and 
unloading, and any upstanding forces, which are explained in Chapter 1 cause the ship 
to have an inclination angle. Hence the underwater shape of the ship is no longer 
symmetric with respect to the centre plane oxz. Taking into account this effect the 
code has been improved, accordingly the front view, aft view, and perspective view of 
the inclined ship (by port side) are shown in Figures 5.13 to 5.15. Also views of 
higher resolutions of meshes for the inclined ship are possible as it shown on Figure 
5.16
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Figure 5.13 View o f the inclined hull, showing the triangular panel, on wetted surface
from bow to stem
3
Figure 5.14 Front view o f the inclined hull, wetted area
3
Figure 5.15 Aft view of the inclined hull, wetted area
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Figure 5.16 View o f the inclined hull, showing increased number o f triangular panels
on wetted surface from bow to aft
5.6 SU M M A RY
The development o f the mesh generation computer program was started from 
scratch, but very few general references were found on this subject. The 
computational domain for the research is a real ship’s hull, and the triangular panel 
was chosen to discretise the domain into panels. To the best o f the author’s 
knowledge, the concept o f mesh generation on the wetted surface o f a ship’s hull due 
to loading conditions, in other words as a function of draft, is for the first time 
presented in this thesis. This allows the transverse inclination angle, and 
consequently unsymmetrical wetted surface o f the ship’s hull with respect to the 
central plane Oxy, meshes to be generated.
Although the mesh generation code has some valuable features, which have been 
required for the current research, there is still room for improvement. For example in 
order to model a ship with six degrees o f freedom in a sea-way, adding the effect o f 
trim angle, especially for large inclination angles in order to balance the ship, where 
heeling angle contributes with trim angle.
It would also be desirable to apply a more efficient method o f controlling the number 
o f panels in both vertical and longitudinal directions, and changing o f panel size for 
better control o f  aspect ratios of panels.
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Another aspect where the code should be improved includes the treatment for 
incoming waves, and extreme sea-state condition, which are not included in the 
present research.
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6. MODEL EXPERIMENTS
6.1 INTRODUCTION
A number of publications exists which consider the effect of speed on stability of a 
ship in a seaway in the presence of waves for following and quartering seas, Dudziak 
(1975), Pulling and Wood (1975). However, some experiments have demonstrated 
unexpected capsizing due to a phenomenon, known as parametric resonance, for head 
seas. This phenomenon causes the ship to capsize in a head sea, if the natural period 
of roll motion of the ship is twice the wave natural period, and the wave’s length is 
slightly greater than the ship’s length. It is suggested that for a ship caught in this 
condition it is operationally better to speed up into the waves. Reducing the speed 
leads to a dangerous situation. More detail can be found in Burcher (1990), and 
Dallinga et al. (1998). Moreover most empirical formulae and criteria proposed by 
IMO and uses by classification societies regarding ship stability merely estimate the 
static condition.
Efforts of the specialist committee on ship stability of the ITTC have provided a 
central point for monitoring, reviewing, planning research, disseminating information, 
facilitating implementation and technology transfer since 1996. Although, the 
progress of the ITTC has shown success and very valuable papers may be found, 
stability inherently is a complex problem. Therefore, for any new improvement of 
design or any change in an existing ship, the stability must be carefully considered as 
a new bom problem.
The role of speed has been shown to very significantly effect stability of planing craft, 
and it is the subject of much research theoretically and experimentally, as reported in 
ITTC 21st, 22nd, and 23rd, and other professional conferences. Since in marine 
transportation users seek to reduce travelling time, then increasing speed and 
improving of comfort and safety are of prime concern. It is clear that once a partially 
immersed body moves its stability characteristics will be different compared with
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when the body is stationary. In particular the contribution of hydrostatic and 
hydrodynamic forces may change the location of vessel centroids such as centre of 
buoyancy and metacentre height GM. Hence experimental investigation of the effect 
of speed on the stability of a ship in calm water is important.
The static assessment of stability for relatively high speed ships today and the 
suggestion of speeding up to escape from parametric resonance have been the main 
incentives for conducting a series of experiments which will be seen to have been 
useful to improve our knowledge of the subject, and illuminate the role of speed on 
stability of a ship. In particular to show when speeding up can improve stability of a 
ship, and reducing speed can be dangerous.
6.2 APPARATUS AND MEASUREMENT EQUIPMENT
The following apparatus and equipment were used for the experiments:
6.2.1 TOWING TANK
A model was towed along in the UCL towing tank. This tank has a length of 21m, 
width 1.5m and depth of water 0.9m. It is equipped with an overhead towing carriage, 
and a flap type wave-maker at one end, which is able to generate regular waves, but 
was not used for the experiments. At the other end of the tank there is a slip type 
beach which can absorb the waves after travelling along the tank. Two safety switches 
at each end of the tank can stop the towing of the model to ensure no damage will 
occur to either the tank or the model. This safety feature limits the useful running 
length of the model along the tank to 12m. Speed and direction of the towing carriage 
are controlled by a rotary speed controller with a range of 0 to 100%. Figure 6.1 is a 
calibration plot associated with the dial speed of the carriage versus speed of the 
model in m/sec. Further details concerning the calibration procedure are given in 
Section 6.2.2.
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Figure 6.1 Speed calibrations for towing the model
6.2.2 MODEL
The model used for the experiments had the same configuration as that used for the 
mesh generation in Chapter 5 as well as for the numerical computation in Chapter 4. 
The “M.V. Baltic Trader” model previously constructed at UCL was used for the 
experiments. The actual dimensions of the ship and the corresponding figures for the 
model are presented in Table 6.1, that showing the scale coefficient of 1/100. The 
model has three compartments which may be used for loading and balancing to obtain 
the designed waterline (dwi) at mid ship for the initial condition, where there is neither 
trim nor heel angle.
In order to heel the model, a small box was fixed on the upper deck above its C of G, 
and a small weight was located on the longitudinal centreline (CL). Therefore to heel 
the model the weight could be moved across the box to either the port or starboard 
side at a certain distance from the CL. A digital inclinometer was mounted on the 
deck to measure the heel angle at stationary condition, in other words to fix the 
desired inclination angle.
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Lpp L oa B Dh dwi V CM CP
(m) (m) (m) (m) (m) (m3)
ship 128 131 18 11.5 7.55 10080 0.98 0.58
model 1.28 1.31 0.18 0.115 0.0755 1.0080 0.98 0.58
Scale: 1/100
Table 6.1 The ship and model specification
6.2.3 MOORING SYSTEM
The horizontal towing system comprised two sets of fishing lines, one attached fore 
and the other aft of the model. This line was able to provide adequate force for towing 
and was able to avoid transfer of unacceptable forces to the model and the 
measurement equipment. The position of the towing system was close to the waterline 
to avoid unwanted loads acting on the model and restraining the model completely 
from lateral motions. Then the model with the towing system was free for rolling, 
pitching and yaw motions. The model and test arrangement are shown on Figure 6.41.
6.2.4 MEASUREMENT INSTRUMENTS
Three rotary potentiometers were chosen to measure motions during towing of the 
model. Two of them were connected at midship on each side of the model, and the 
other one was connected at the bow. A simple arrangement with strings was fitted on 
the model to transfer the motion of the model to the potentiometers. The 
potentiometers gave analogue signals proportional to the absolute motions of the 
model, where they were connected. Those potentiometers located in midship 
measured heeling angle, and in combination with the bow potentiometer the heave 
and the pitch were also obtained. The procedure is discussed later.
In order to supply power and to transmit the response of the potentiometers’ output, 
existing instrumentation arrangements on the towing tank were used. These included:
• voltage power supply ± 5 volts dc
• a pair of input and output cases mounted on the carriage and on the tank side 
wall
• the control panel for speed, (and the wave maker that was not used).
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6.2.5 DATA RECORDER
A data acquisition system was used in the experiments, which comprised:
• a data logger (OASIS4) distributed by Data Harvest Ltd. and its software (3D)
• a laptop PC to run the 3D software for recording the data.
6.3 TEST PROCEDURE
General schematic of the setting of the model and relative equipment are shown in 
Figure 6.41. The tests were carried out in two stages consisting of inclination test and 
rolling motion.
6.3.1 INCLINATION TEST
The static GM was investigated by an inclining experiment. Tests were then 
completed for a range of heeling angles from 0° to ~12°. In order to incline the model 
the small weight w was moved to different positions to both port and starboard of the 
model. For each movement of the weight across the deck its distance from the centre 
line (CL) and the associated heeling angle were recorded. Hence a curve of change in 
angle of heel over a range of heeling moments was established from the static 
condition, as shown in Figure 6.2.
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Figure 6.2 Inclination Experiment 
The equilibrium condition for static stability is shown in Figure 6.3. As long as
heeling moments are equal to righting moments, the ship is stable. According to the
above configuration for this situation then it can be written as:
121
M h + M r =0 (6.1)
with M r = D * g *  GZ (6.2)
and M h = w* g* ycostp (6.3)
where GZ -  GM sin (p (6.4)
and D = -(W  + w) (6.5)
substitution (6.4) and (6.5) into (6.1) gives
w* g* ycosrp- D* g* GM sirup = 0 (6.6)
« o w* ytherefore tan<g = — (6. 7)
Hence the initial metacentric height can be calculated from the slope of the inclining 
test data, Figure 6.2, thus
w * v
GM = ^  (6.8)D* tan <p
For very small heeling angles we can approximate sin^? = tanrp = (p then:
w y
GM = — * (6.9)D (p v }
w* y  w *y
where ------  o r   is the slope of the inclining test curve ( <p in radians).tan (p q>
According to Figure 6.2 the slope for the model is 0.234 Nm rad'1, therefore the GM 
can be obtained from equation (6.9)
Where D = W + w = 10.12 for the model [kg]
0.234
GM = = 0.00235 [m] for the model
10.12*9.81 L J
Taking into account the scaling factor (1/100) then the prototype GM is 23.5 cm, 
which is 3.5 cm bigger than the minimum proposed GM by classification societies or 
IMO. It should be noted that the value of GM used in the model tests was chosen to 
be very small 2.35mm so that a significant response could be detected. Whilst the 
value is small it has been accurately determined from an inclining experiment in 
which it was possible to accurately control the values of mass and linear dimension to 
achieve the GM to the accuracy indicated.
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Figure 6.3 Equilibrium o f static stability
6.3.2 ROLLING MOTION
In the second part o f the experiments the model was towed along the tank at different 
speeds varying from 0 to 1.67 ms*1, and inclination angles from 0 to 10°. Table 6.2 
shows the speed o f the model as well as the corresponding speed o f the ship and 
Froude number (Fn). The values o f the model speed are calculated on the basis o f 
towing time and the useful length o f the tank. The useful length o f the tank is the 
length between where the model reached the required speed and the second limit 
switch. The corresponding values o f speed controller are also presented in the Table 
6.2. Moreover Figure 6.4 shows the variation o f Froude number (Fn) with respect to 
the rotary speed controller.
% speed 
controller
Running 
time [sec]
model
m/sec
ship
m/sec
Fn
5 36.13 0.111 0.6 0.017
10 18.27 0.219 1.2 0.034
15 11.2 0.357 1.9 0.055
20 7.62 0.525 2.9 0.081
25 6.31 0.634 3.52 0.098
30 5.18 0.772 4.2 0.119
35 4.41 0.907 5 0.140
40 3.67 1.090 6.05 0.168
45 3.33 1.201 6.66 0.186
50 3.02 1.325 7.34 0.205
55 2.52 1.587 8.8 0.245
Table 6.2 Speed calibration o f the rotary controller switch and speed for both the
model and the ship
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Figure 6.4 Speed calibration o f the rotary controller switch
It is very difficult to be sure that the wetted part o f a ship’s hull is exactly symmetric. 
In other words, its C o f G may not be exactly located on the CL nor in the plane Oxz. 
In fact, environmental condition in a seaway, any inaccuracy for KG  evaluation in 
loading and unloading, and underwater appendages o f a ship even a very small angle 
o f rudder may force the ship to heel to one side. These may generate unbalanced 
pressure distribution on the wetted surface o f the hull. Then the purpose o f 
introducing heeling angle to the model was to simulate a practicable form o f non- 
symmetric underwater body surface. Therefore, a known heeling moment was applied 
to give a small heel angle in the static condition, and this condition was kept during a 
set o f the speed range for collection o f variation o f heeling motion along the test.
The model was towed while various heeling angles were set so as to consider 
dynamic development o f  rolling motion and GM. Table 6.3 shows inclination angles 
o f the model as well as associated speeds used during the tests.
124
Heeling 
angle [°]
speed of the carriage percentage [%]
0 10 15 20 25 30 33 35 37 40 45 50
2.5 10 15 20 25 30 33 35 37 40 45 50
5.4 10 15 20 25 30 33 35 37 40 45 50
7.3 10 15 20 25 30 33 35 37 40 45 50
8.2 10 15 20 25 30 33 35 37 40 45 50
10.2 10 15 20 25 30 33 35 37 40 45 50
Table 6.3 Range of heeling angles and speeds of the model for towing
Practically, application of the equation 3.5 is discussed for evaluation of GM of a ship 
in a seaway in Chapter 3. GM of the model for static condition at the design waterline 
is obtained as discribed in section 6.3.1. To consider the effect of forward speed on 
the GM of the model, varation of the heel angle was measured along the towing tank 
for a given forward speed in accordance with Table 6.3. Therefore, for each recorded 
inclination angle the along towing tank, once knowing the weight of the model and 
the prescribed applied inclination moment, the GM of the model may be evaluated 
using equation 6.8. The results of tests and the GM evauation are presented in the 
following sections.
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6.4. RESULTS
In this section certain circumstances o f the tests and the observed results are presented 
and discussed.
6.4.1 FREE ROLLING MOTION
To obtain free rolling decay for a stationary condition, the model was heeled to the 
port side and then released. Figure 6.5 shows the behaviour o f the model concerning 
variation o f rolling decay versus time. It can be verified that although the rolling 
decay dies out after a few seconds, the trend maintains a very small port angle. This 
might be due to the fact that the model could not initially be set to a truly zero angle. 
Best efforts were made and the digital inclinometer could not be adjusted to a figure 
better than 0.1°, so this was inevitably taken as zero level for all subsequent 
experiments.
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Figure 6.5 Free rolling motion
6.4.2 ROLLING MOTION BY DIFFERENT SPEEDS
The same arrangement (zero inclination angle) was utilised for running the model 
using various ranges of speed as shown in Table 6.2. Variation o f rolling motion in 
association with speeds 0.634, 0.772 and 1.090 m s'1, that are equivalent to Fn = 0.098,
0.119 and 0.168 respectively, are selected as typical examples for further discussion.
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It is important to note that although no initial heeling angle was applied to the model, 
it demonstrates an irregular rolling motion along the towing tank. The corresponding 
results are shown in Figures 6.6 to 6.8.
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Figure 6.6 Rolling motion for Fn 0.098 and heel angle nearly zero
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Figure 6.7 Rolling motion for Fn 0.119 and heel angle nearly zero
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Figure 6.8 Rolling motion for Fn 0.168 and heel angle nearly zero
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Referring to the above figures, an unexpected rolling motion occurred associated with 
model towing at various speeds, when zero heeling moment was applied. On each 
figure, it can be seen that the plot is typically divided into two distinct parts (I and II). 
The vertical dotted line on the Figure 6.6 indicates the two divisions. The first part 
related to the beginning of towing, and this demonstrates a rapid oscillatory motion 
with relatively high and unstable amplitude. This is due to the fact that towing of the 
model starts from rest and before it reaches the required test speed, it inevitably 
passes though a transient motion. This part of data is not then to be taken into account. 
Eventually the second part of plot ends up with realistic amplitude of oscillations. On 
the other hand, the second part of plot shows the amplitude becomes stable as the 
model progresses along the towing tank. This relatively smooth part of the data is 
referred to as steady state motion of the model.
The very small rolling motion proved the effect of unbalanced pressure distribution on 
the wetted surface of the model. It can be seen that for lower speeds the period and 
amplitude of oscillations are smaller than those for relatively higher speeds, though 
the variations are not accountable at this stage of experiments. It is worth to mention 
that a very small pitching motion has been observed for the tests as plotted on Figure 
6.6a, and no yaw motion observed for the tests.
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Figure 6.6a Heave, Roll and Pitch Motions for Fn 0.098 and heel angle nearly zero
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6.4.3 ROLLING MOTION AFFECTED BY HEELING ANGLE
In the previous section an unexpected rolling motion associated with the model towed 
was observed for nearly zero inclination angle. In order to make sure that the variation 
of unbalanced pressure distribution on the wetted surface of the model was the main 
source of the rolling motion, and to consider the effect of the variation of speed on the 
rolling motion the following tests were conducted. In this section the observed rolling 
motion when the model has an initial heeling angle for certain speeds will be 
presented. The result of the steady state part of each plot is the part of data used as 
initial data to determine GM of the model at any instance of rolling motion.
Due to the vast number of tests which were conducted according to Table 6.3, just a 
few runs are selected for further discussion. The selected tests are chosen with respect 
to heeling angle and speed. The selected heeling angles are 2.5°, 5.4°, 7° and 10°, for 
these angles the experimental results for different selected forward speeds Fn = 0.034, 
0.098, 0.119 and 0.168 are presented. Furthermore, in all results produced only the 
rolling motion will be examined, and no argument will be made concerning the 
transient part nor the effect of oscillating amplitude and period.
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Figure 6.10 Rolling motion for Fn 0.098 and heel angle 2.5 °
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Figure 6.11 Rolling motion for Fn 0.119 and heel angle 2.5 °
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Figure 6.12 Rolling motion for Fn 0.168 and heel angle 2.5 °
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Figures 6.9 to 6.12, as the first set of the results, show variation of rolling motion 
associated with the various speeds mentioned earlier. All plots are with an initial 
heeling angle of 2.5°.
Referring to Figure 6.9 it can be seen that the mean level of the curve always has 
values less than the given heeling angle. While, Figure 6.10 shows that the rolling 
motion is oscillating almost uniformly around the initial given angle. Figures 6.11 and 
6.12, on the other hand, demonstrate that the rolling motion is oscillating well above 
the initial heeling angle of 2.5°.
It can be verified that forward speed plays a significant role on rolling motion. The 
above results may imply that rolling motion should generally increase when the 
forward speed increases. The results of the other following experiments show that 
this implication is not a general rule, and so not always true.
At an early stage of the experiments, the effect of forward speed on rolling motion for 
a small heeling angle was presented. To improve confidence in the initial findings it 
was necessary to obtain further results. Hence, various higher heeling angles were 
applied and the corresponding results are as follows.
Figures 6.13 to 6.16, as the second set of experiments, demonstrate variation of 
rolling motion concerning four different speeds related to Fn = 0.034, 0.98, 0.119 and 
0.168. For all these speeds the initial heeling angle is fixed at 5.4°.
Referring to Figure 6.13 it can be seen that the average oscillating rolling motion is 
below the given heeling angle of 5.4°. The reduction of heeling angle means that the 
model tends to a position opposing the given heel angle. This is obviously due to the 
fact that in this case the righting moment is increased in comparison with that of the 
stationary condition.
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Figure 6.14 Rolling motion for Fn 0.098 and heel angle 5.4
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Figure 6.15 Rolling motion for Fn 0.119 and heel angle 5.4
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Figure 6.16 Rolling motion for Fn 0.168 and heel angle 5.4
In contrast with what was deduced from data associated with Figure 6.13, the data 
concerning Figure 6.14 demonstrate that the average oscillating rolling motion is 
above the given heeling angle of 5.4°. Here increasing of the heeling angle is as a 
result of increasing heeling moment at this speed.
Unlike what was observed in Figure 6.14, the data regarding Figures 6.15 and 6.16 
show similar patterns to Figure 6.13 though the mean value of oscillating rolling 
motion associated with Figure 6.16 is quite well below the given heeling angle. 
Comparisons of the results, the mean values, of rolling motion are given in Table 6.4.
A comparison between the data of the first set and those of the second set of 
experiments shows that there is no regular pattern to establish a rule for the effect of 
forward speed on the rolling motion. It can be seen that the above results cannot be 
satisfactorily quantified. Therefore, two more sets of experimental results, as selected 
earlier, are presented and discussed here.
Figures 6.17 to 6.20, as the third set of experiments, present variation of rolling 
motion concerning four different speeds related to Fn = 0.034, 0.98, 0.119 and 0.168. 
For all these speeds the initial heeling angle is fixed at 7°. Also, the data related to the 
fourth set of experiments are shown in Figures 6.21 to 6.24 while for the same range 
of speeds the initial heel angle is 10°.
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Figure 6.19 Rolling motion for Fn 0.119 and heel angle T
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Figure 6.20 Rolling motion for Fn 0.168 and heel angle 7°
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Figure 6.21 Rolling motion for Fn 0.034 and heel angle 10°
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Figure 6.22 Rolling motion for Fn 0.098 and heel angle 10°
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Figure 6.23 Rolling motion for Fn 0.119 and heel angle 10°
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Figure 6.24 Rolling motion for Fn 0.168 and heel angle 10°
Generally no straightforward statement could be made for covering consistency of 
behaviour of the results in these figures. In order to gain a better sense towards the 
study of the cases, a quantitative approach is proposed as follows.
For each one of the plots that relates rolling motion to its corresponding speed, the 
transient part is ignored, and the remaining part which is related to the steady state 
condition of motion is selected, for example, the second part of plot in Figure 6.6. The 
average value of the rolling motion is calculated for the selected part of recorded data 
and compared with the initial given heeling angle. A positive sign is assigned when 
the mean dynamic heeling angle is larger than the given heeling angle, whereas a 
negative sign is allocated, to indicate the case when the mean dynamic heeling angle 
is smaller than the given heeling angle.
The above procedure is carried out for each individual plot and extended for all four 
sets of experiments. The findings are presented in Table 6.4. It is of worth to note that 
a negative sign indicates that the righting moment is increased. In no case does the 
negative figure exceed the corresponding initial heeling angle. This means that the 
model moves away from the given heeling angle and it approaches zero inclination 
angle, so the case is desirable.
A comparison of the presented experimental results, in Figures 6.6 to 6.24, is shown 
in Table 6.4. It may be classified and discussed as follows:
> a relatively low speed always promises a desirable case (see column regarding 
Fn=0.034 in the table) showing the inclination angle decreases compared with 
the given initial inclination angle at rest.
> a relatively higher speed, is not always a desirable case (see column regarding 
Fn=0.168 in the table) showing the initial inclination angle at rest increased 
during towing the model.
> a relatively moderate speed may even increase the risk of capsizing in 
comparison with higher speeds (see Fn = 0.098 and 0.119 in the table)
> no given initial heeling angle always provides a desirable case for all different 
forward speeds (see different rows of the table) at a certain created heeling 
angle, an individual /or a zone regarding forward speed may be considered as 
a desirable case.
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]Fn 0.034 0.098 0.119 0.168
ao*•25 ju 
2 M
2.5° -0.3 +0.5 +0.5 +0.9
5.4° -0.5 +0.4 -0.9 -1.8
.5 a 
"3 * aM
7° 0 +0.8 +1 +2
10.0° -0.4 +0.5 +1.2 +2.4
Table 6.4 Difference of mean dynamic rolling angle and given heeling angle 
6.5 EFFECT OF FORWARD SPEED ON GM
In the previous section a desirable case was referred to as a case when the negative 
sign of rolling motion indicated that the heeling decreased, therefore, the righting 
moment is increased. Although an undesirable case may be referred to the case when 
the heeling angle is increasing, this does not necessarily mean a risk of capsizing. It is 
showing actual role of forward speed on the GM variation. Consequently, an adequate 
study of GM requires small heeling angle and / or in general unbalanced pressure 
distributed on the wetted surface of a hull.
In this section variation of the GM in terms of forward speed is studied, due to the 
effect of heeling angle. The values selected for heeling angle as well as forward speed 
are the same as described in the previous section. Then on the basis of previous results 
the GM is calculated for each instant inclination data. It is worth mentioning that the 
value of GM changes during towing. Therefore, an instantaneous GM, denoted as 
GMd, will also be dealt with. In all subsequent presentations a ratio of GMd/GM will 
be indicated as a generalised measure rather than GM itself. This suggests that a ratio 
of 1 should refer to as a reference indicating that the static GM has not changed.
The results produced are shown in Figures 6.25 to 6.40. These are classified in the 
form of four inclination angles of which each includes four different speeds. Figures 
6.25 to 6.28, which are associated with a fixed heeling angle of 2.5° are selected as a 
typical example for discussion. Bearing in mind that the steady state part of the data 
is the main part of the concern, where the model reaches a given forward speed.
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Figure 6.27 GM ratio for Fn 0.119 and heel angle 2.5°
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Figure 6.28 GM ratio for Fn 0.168 and heel angle 2.5°
138
G
M
d/
G
M
GM
d/G
M
 
P 
r* 
G
M
d/
G
M Steady state
0.5
o 2 A Z'Time [sec] 8 10
Figure 6.29 GM ratio for Fn 0.034 and heel angle 5.4°
2
1
-ve
0.2
2 6 8 100 4
Time [sec]
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Figure 6.32 GM ratio for Fn 0.168 and heel angle 5.4°
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Figure 6.34 GM ratio for Fn 0.098 and heel angle 7.0°
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Figure 6.36 GM ratio for Fn 0.168 and heel angle 7.0°
Referring to Figure 6.25 it can be seen that the entire oscillation of GM ratio is above 
the reference line with an average value of 1.3. It means that under the conditions 
provided the state of the stability in comparison with stationary state is improved. The 
data of Figure 6.26 which is related to Fn = 0.098 shows that the centre of oscillation 
of GM ratio is around the reference line. This implies that, in this case, the static GM 
has almost remained unchanged. On the other hand, the data of Figures 6.27 and 6.28 
which are respectively related to Fn = 0.119 and 0.168 demonstrate that the GM ratio 
oscillation is below the reference line with average values of 0.9 and 0.8.
A comparison between the data associated with this set of experiments indicates that 
an increase of forward speed causes reduction of the level of stability.
The conclusion regarding a relationship between the level of stability and forward 
speed drawn from the above discussion may not apply to the cases where the initial 
heeling angle changes. In order to investigate the existence of any general rule or 
particular relationship between forward speed and stability of a ship three more sets of 
experimental data are presented. Then Figures 6.29 to 6.32, 6.33 to 6.36, and 6.37 to 
6.40 are related to initial heeling angles 5.4°, 7° and 10° respectively. At this stage, no 
further argument will be made for each individual group of experiments as a typical 
example has already been argued. In return, the complete results concerning all the 
tests will be summarised and discussed below, in Section 6.7.
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Figure 6.39 GM ratio for Fn 0.119 and heel angle 10°
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Figure 6.40 GM ratio for Fn 0.168 and heel angle 10°
6.6 VALIDATION OF THE RESULTS
In order to ensure of quality of the data collected from experiments some auxiliary 
instrument and various checks which were used are discovered in this section.
The initial inclination angle was checked for any run by the digital inclinometer 
mounted on the upper deck of the model. The digital inclinometer was introduced in 
Sections 6.2.2, and Figures 6.41 and 6.45. It is very sensitive and it can be used only 
when stationery to set-up the model before any run, as well as to check the 
potentiometers reading where the model is at rest.
For the purpose of lighting, the fluorescent tubes have been mounted over the towing 
tank. To avoid noise effect of electromagnetic fields of the lighting the experiments 
were conducted with the lighting on. Some were repeated when the lighting was off. 
No significant differences have been found between the data.
Due to short distance of the effective length of the towing tank, and under some 
prescribed conditions of the tests (speed and heeling angle) the model performed with 
very small changes, and repeatable heeling angles. To confirm the results produced 
potentiometers were replaced by a set of strain gauges on a transducer. The 
potentiometer is able to measure angle, and difference between the initial setup with 
variation of heeling angle along the towing that were used in the tests. Alternatively 
the strain gauges are able to measure a given heeling moment, and variation of the 
heeling moment along the towing tank. The results for the two arrangements were 
shown to agree well.
An optical tracking system is another method that was used for the experiment. The 
method was developed at UCL by Alexander (1994). However the tracking system is 
not suitable as a general package to offer user any straightforward results, it can be 
used as a very good guideline. General idea is to record the performance of the model 
and developing image processing in C program language to detect the positions of
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model lights and references for subsequent motions analysis. Tests were recorded on 
the video tapes, and a suitable C program was developed (as port of this research). 
However, owing to unavailability of a camcorder to replay the recorded tests and 
malfunction of the image processing system, only one of the recorded tests was 
processed manually. To analyse one of the recorded data tapes the package Arcview 
Geographic Information System (GIS), of the Department of Geomatic Engineering at 
UCL, was used. Comparisons between the data of the tracking with the data 
presented in this chapter for low speed showed similar behaviour. Schematic set-up of 
the tracking system and its required facilities for image processing are shown in 
Figures 6.43 and 6.44.
1. Model
2. Tow lines Fore and Aft
3. ©Bow potentiometer
4. © Midship potentiometers
5. Inclinometer
6. Carriage and extra frames
7. Carriage’s wheels
8. The box, and small weight
(vv) to incline the model
Y
Figure 6.41 The schematic arrangement of the test
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6.7 CONCLUSION
Before presenting any conclusion, a few guide points associated with Figure 6.42 are 
introduced here as follows:
1. The horizontal dashed line refers to the recommended minimum GM which 
according to many classification societies is 0.2 m for ships, and consequently 
is 0.002 m for the model due to scaling coefficient (1/100). The region below 
this line is indicated as an unsafe zone. In fact, risk of capsizing of the ship 
will take place.
2. The initial GM of the model, that was calculated previously, is 0.235 m and 
presented by the dotted line. The reason for very small GM chosen for the 
model is to demonstrate any arbitrary motions and to be very sensitive, 
because of the model towed in calm water condition. The area between 
recommended minimum GM and the initial GM that is known as stability 
margin is referred to as a risk area. It can be implied that capsizing of the ship 
could take place.
3. The area above the initial GM is called a safe zone, and under the given 
conditions capsizing of the ship is not expected.
4. The points on the plot show the main value of the steady state part of the data 
for the given speed and under specified inclined angle. The solid lines are 
computer best fitted lines passing through all corresponding experimental data 
points.
5. As mentioned before, six forward speeds associated with Froude numbers 
ranging from 0.034 to 0.168 are used in the figure. It is worthy to mention the 
speed range for the model may seem not to be high compared to a modem fast 
ship of today’s design. However the model was one of fastest ships of that 
time. In the following discussion the above speeds are divided into three 
groups in an increasing order. The first group corresponding to Fn =0.034 and 
0.081 will be referred to as low speeds, while the next following groups will 
be referred to as moderate and high speeds respectively. The definition of low, 
moderate and high for the speeds are of course relative.
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Figure 6.42 Variation of GM in terms of inclination angle for the model, the data also
relate to various forward speeds
nsafe
V<VG^ XG?
Fn
■ 0.168
■ 0.14
■ 0.119
□ 0.098
■ 0.081
■ 0.0034
■ Initial GM
■ Min GM
yo
' Heeling
O ^  Angle
Figure 6.42a A 3D view of GM variation in terms of inclination angle for different
forward speeds
146
£
5o
Heeling
angle
Figure 6.42b A 3D view of GM variation in terms of various forward speeds at
prescribed inclination angle
0 .3 2  -I ; ; : :   : »
0 . 3 - - '  ' : | i l l !  /
0 .28
• =026 * ,E, x • *
5  0 .24 ------------ ------------ * —■■■. y----------------------------------------------
«  0.22 k  A A
0.2 ir ' i  '
0 .18
0.16  1-------------1--------------- 1-----------1-------------1-------------- i------------
Min Initial 0 .0034  0.081 0 .098  0 .119  0 .14  0 .168
GM GM
Fn
•  - .
/  ! > 
. X -.
>
K \ \
< , *  /
''nit.
i ----
r 'T T T ii
--- 1
1 . k f  i
' - 4 *
-- --- ----
...........\
i
i
---- 1
r
■, ■ > 
i '( 
*
i- --
n
.. .0.. 2.5
5.4
▲ 7
X 10
Figure 6.42c GM variation in terms of various forward speeds at prescribed 
inclination angle the dotted line shows best fit to each set of the inclination angle
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The useful and fundamental findings, which can be extracted from the data 
concerning Figure 6.42, may be classified as follow:
> Low speeds can often offer a good degree of safety as shown on Figures 6.25, 
6.29, 6.33 and 6.37, although within a limited region of heeling angle (4.5°to 
8.5°) may be a bit risky as shown on Figure 6.42 (blue diamond in the risk 
zone).
> For heeling angle 2.5°, as the forward speed increases the degree of safety 
decreases so that high speeds could result with the ship into either risky or 
unsafe conditions, as shown on Figure 6.42 at 2.5 degree of inclined and as 
shown on Figures 6.9 to 6.12 the inclination angle increased when the speed 
increased, and the corresponding GM reduced in Figures 6.25 to 6.28.
> For heeling angles varying from 2.5° to 7.0° the plots repeatedly intersect each 
other so that no certain rule for variation of GM can be deduced. For example 
at heeling angel of 5.5° although high speeds lead to a safe condition, and low 
speeds to just risky condition, for moderate speeds no clear justification can be 
made (the plot concerning Fn =0.098 is in the risky zone while for Fn =0.119 
is in the safe zone) see Figures 6.42 and 6.42c.
> The heeling angle domain 6.5° to 7.5° may be considered as the worst zone. It 
can be seen that despite the fact that the ship’s stability in connection with 
forward speed may improve at some points and may not improve at some 
other points, but no forward speed offers a safe condition as shown in Figure 
6.42.
> For heeling angles larger that 7.5°, all the plots almost follow in the same 
manner as discussed for the case of heeling angles less than 2.5°. But, in this 
case the more obvious trend is that by increasing heeling angle, a safer 
condition can be achieved if and only if the forward speed decreases. 
However, it can clearly be verified that large heeling angles, regardless of 
forward speed, could endanger the ship’s stability and so should be avoided.
> Stability in connection with forward speed and heeling angle is complex. 
However, maximum confidence of stability can be achieved at Fn =0.119 for a 
wide range of heeling angles. In fact, an optimum profile of GM is related to a 
moderate speed.
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Figure 6.43 The Optical tracking system arrangements in the towing tank
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Figure 6.44 The set-up required for analysis o f the video recorded tape using the
Overlay Frame Grabber (OFG)
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Figure 6.45 Photo o f the Optical tracking system arrangement
Figure 6.46 Photo of inclination angle setting and checking under lighting on
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Figure 6.47 Photo of inclination angle setting-up for 2.5° under lighting off
U, \
Figure 6.48 Photo of recording rolling motion along towing under lighting off
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7. DISCUSSION ON THEORETICAL AND EXPERIMENTAL 
RESULTS
7.1 THEORETICAL APPROACH
A summary of the CFD method that has been applied for theoretical investigations in 
the research is reported herein. The wetted surface of a ship’s hull has been assumed 
as a computational domain. In order to subdivide the domain into a large number of 
triangular panels a computer code was developed. The computer code generates a grid 
(mesh) on the wetted part of the ship, as explained in more detail in Chapter 5. The 
mesh generation is able to create the triangular panels on the wetted surface of a hull 
for any loading condition and inclination angle, and the result of the code is used by 
the steady CFD panel method. The panel method has been coded to provide velocity 
potential distribution on the wetted surface of the ship’s hull on each panel. Chapters 
3 and 4 discussed the technique and the methodology in detail. Some elements of the 
panel method are listed as follows:
• Normal component of the velocity of equation (3.43), described in detail in 
Section 3.3 as steady potential
• The value of constant source strength on each panel is assumed in equation 
(3.41), the matrix equation (4.2) is solved using Gaussian Elimination which is 
discussed in detail in Section 4.4
• The component of Bjj is obtained from equation (3.48)
• Velocity potential is computed from equation (3.42)
• The effect of small amplitude waves constructed on the free surface (due to 
ship forward speed) is simulated, using Green’s function that it is given in 
equation (3.49) in the second part of the Section 3.3.
The output of the computer program yields information such as strength of source and 
velocity potential on each panel. Bernoulli’s equation (3.24) is used to evaluate 
pressure distribution on the wetted surface of the hull. Thus forces and moments, 
shown in Figure 1.1 and given in equation (3.1), can be computed in accordance with 
the pressure distribution. Although the program is able to analyse all motions of a 
ship, for the main purpose of the research, more attention has been focused on the
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variation of vertical force and corresponding restoring moment at certain loading 
conditions at prescribed forward speeds. Then using equation (4.5) and (4.6) vertical 
force and restoring moment respectively have been calculated.
The analytical solution of a hemi-sphere and the validated results of the Wigley hull 
form are compared with the computed results of the CFD code for validation of the 
code. The comparisons show a good agreement as discussed in Chapter 4. The results 
of running the CFD code on the generated meshes of the model are discussed in 
Chapter 4, and in following sections. Here, most concern is focused on the quality of 
meshes of the model, and proof of meaningful results of the CFD code. Finally, there 
are some comparisons of the theoretical and the experimental data of the research.
7.2 MESH GENERATION ACCURACY
The mesh generation code has been validated in two parts, firstly visual presentation 
of the panels fixed on a wetted surface of a body and then properties of the panel as to 
the mesh’s quality. In order to display and aid visual validation of the generated mesh 
graphically, the robust commercial software Finite Element package ABAQUS was 
used. ABAQUS has been used only for displaying, random check of the panel 
numbering, node numbering and rotating the mesh for a visual checking in any 
directions. The shape and arrangement of the triangular panels shows the ability of the 
mesh generator consistency to map the prototype. Some examples of the generated 
meshes have been shown in Chapters 4 and 5. Therefore, the graphical agreements of 
the generated meshes with bodylines of the prototype have validated the output of the 
meshing computer code successfully. Then, here more attention has been paid on the 
panel’s properties and quality of mesh.
The displacement of the prototype ship at initial loading condition is selected for 
comparison. The initial displacement at 7.55m draft is 10080m3. The pre-processing 
of the CFD code computes volume of the wetted hull at particular loading conditions 
for which the mesh is generated. The computed displacement at the initial loading 
condition has then been used to check the geometrical accuracy of this part of the
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meshing code. Therefore volume and wetted area o f the generated mesh are examined 
further here.
Two sets of different numbers o f panels, fixed on the wetted surface o f the hull, at 
the design waterline (7.55m) with different inclination angles range (from zero to 
10.0°) are selected to consider verification o f the mesh geometry. The CFD code has 
computed displacement for both sets o f the meshes at zero speed. It is expected that 
the computed volumes o f two sets o f the meshes to be equal with the prototype, but 
there is a little difference. A discrepancy o f the computed volume with the 
prototype’s volume is estimated as an error. Then percentage o f the displacement 
error has been calculated for the computed displacements o f the meshes with the 
initial displacement o f the prototype ship from equation (7.1), as shown in Figure 
7.1. Although, the discrepancy is small, it is variable. In some part o f the plots the 
difference is not very large, and it seems that the difference may not have a 
significant effect on the computed results (forces and moments). Where the error 
between the higher and lower number o f panels is small, it may be believed that the 
results of the CFD code in Chapter 4 and the current Chapter are reliable.
errorV - {originals/ -  computedV) x 100 
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Figure 7.1 Validation in calculated displacement o f two meshes at different
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It has been reported in many CFD research papers, such as Hershey (1975), Hunt 
(1995) and others, that the mesh has a significant effect on the convergence, accuracy 
and meaningfulness of the computed result.
Figure 7.1 shows the percentage error of the static status, where speed is zero, of the 
computed displacement. For better convergence of the results or to reduce the errors, 
a suitable number of the panels are required. To observe quality of computing results 
when speed is greater than zero on the generated meshes, some results have been 
presented in Chapter 4, and are given in this chapter. However, comparisons between 
the results of the CFD code with the validated results of Kara and Vassalos (2005) 
have confirmed the accuracy of the CFD code results on the same meshes in Figures 
4.21,4.22 and 4.23.
There is a comparison of computed vertical forces at different speeds for different 
grid sizes and grid arrangements of the model shown in Figure 7.2, and for the test 
case hemi-sphere shown in Figure 4.12b.
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Figure 7.2 Vertical forces vs. speed for different number of panels and different panel
distribution
Percentage errors of the vertical forces are shown in Figure 7.3 in the speed ranges for 
different sets of panel numbers of the model with different arrangements. The result 
confirming that for low speed range and moderate speed, there is independency on the 
meshes for the CFD code, but more discrepancies of the result are observed in higher 
speed range than Fn =€.1 for two sets of the meshes.
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Figure 7.3 Percentage error of vertical force between different number of panels and
different panel distribution
The difference between the prototype displacement with the computed displacement 
and the Fz for the model are related to patches (panels). In other words, the panels put 
together to provide the computational domain for the CFD code are not fine enough to 
create a smooth hull surface. As the number of the panels increases the difference 
decreases. In addition, the accuracy of the computed result depends not only on the 
number of panels, used to approximate the body surface, but also depends upon the 
manner in which these panels are distributed over the surface. A suitable distribution 
of panels is particularly important in high curvature regions of the body surface. For a 
ship hull, the curvature is very complicated in both directions along the length and 
height (see for example along the waterlines and the cross sections in Figures 4.2, 4.3 
and 4.4 especially at the bow, stem and bilge regions).
The number of panels is important to obtain more accurate results. However, this 
must be balanced by the capacity of available computing machines. Comparisons 
between the results of the Wigley hull form from the CFD code with the validated 
numerical results of Kara and Vassalos (2005) in Figures 4.10, 4.11 and 4.12, and the 
results for the hemi-sphere with the analytical solution in Figures 4.12a and 4.12b 
have shown a good agreement with very small difference for a large number of 
panels. Therefore, as with most CFD applications, it is necessary to use as many 
panels as allowed by the program and the available computing time to obtain more 
likely meaningful results.
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Another importance of meshes is the properties and type of implemented panel. An 
important property of the triangular panels that has a significant effect on computation 
results is the “null” point. This is a point where the normal velocity to the plane of the 
panel is required to vanish and where tangential velocity and pressure are calculated. 
In the case of triangular panel, the location of the null point co-ordinates compute in 
accordance with the average of the co-ordinates of its three comers points, and it is 
assumed as the centriod of the panel. According to Hess and Smith (1964), it can be 
seen that the location of the null point varies depending on the type of triangular 
panels with a small base or large base. Then the null point and the centroid are thus 
not particularly close together on triangular panels. They of course coincide on an 
equilateral triangle (base to height ratio of 1.15) as shown in Figure 7.4 b.
Figure 7.4 Three different examples of triangular types
In accordance with these very important issues, particular attention must be paid to 
base to height ratio of triangular panels, aspect ratio, and density of the panels in 
curvature regions for modification of the mesh generation computer code.
7.3 DETERMINING HYDRODYNAMICS ACCURACY
It is valuable to consider the accuracy of the theoretical results in respect of dynamic 
characteristics such as pressure distribution, resultant forces, and moments. Some 
dynamics characteristics are very difficult to compute accurately, particularly due to 
variable speed. The more important dynamics characteristics are discussed as follows.
At zero speed, stability is of course governed entirely by hydrostatics. As the Froude 
number increases, the hydrodynamic effects come into play and are considered to
157
comprise two separate components, one due to the hull wave and the other due to 
hydrodynamic pressure distributions on the wetted surface o f the hull.
The hull wave causes more o f the vessel to be supported at the bow and the stem and 
less along the mid-ship. Then redistribution o f the buoyancy can lead to a reduction in 
the metacentric height, consequential in a reduction of stability o f the hull operating 
relatively at, or slightly above, low speed. Hydrodynamic bottom pressure effects can 
also come into play under this condition.
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Figure 7.5 Computed pressures on the centre o f panels along the waterline below the 
free surface for low and moderate speed
The experimental investigations have shown the reduction o f transverse stability o f 
the model in some towing cases for the model with adequate stability at rest. For 
example the model has demonstrated a very small heeling angle in Figures 6.6, 6.7 
and 6.8 at different speed. It can be found for other loading conditions in Chapter 6.
The pressure distributions on the bottom o f the model have revealed that the 
behaviour was due to variation o f pressure developed along the wetted area o f the hull 
for the given speed, as the computed results have shown the same phenomena. 
Beyond the low speed range the results show that the influence o f bottom pressures 
tends to dominate.
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The pressure distribution on each panel has been evaluated at different inclination 
angles and for a range of speeds as presented as forces in Section 4.5. The resultant 
vertical force (Fz) is chosen for further discussion here. It is discussed that at zero 
speed and no inclination angle it is expected that the computed Fz would be equal for 
both sets of meshes. In addition, the computed Fz, for these cases, must be equal to 
the prototype ship weight or the displacement of the prototype. Figure 7.6 shows the 
computed displacements for the two sets of the meshes at the draft 7.55m, and for the 
range of inclination angles, at zero speed. Differences between the computed 
displacements of the model with the initial displacement of the prototype are very 
small for both sets of the meshes at different inclination angle. The results of both sets 
of panels in the figure show underestimate of the Fz for the range of inclination angle, 
however the computed Fz shows improvement for high number of panel than the 
lower number set of meshes.
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Figure 7.6 Variation of vertical forces vs. inclination angle for zero speed
The vertical forces, Fz, are computed for two grid sizes of pre-inclined angle 7°. 
Figure 7.7 shows the Fz variation versus speed range. The figure shows convergence 
of the results obtained at this loading condition for low and high number of panels 
fixed on the hull. Higher number of panels of the plot shows oscillation of the Fz in 
the speed range and it is underestimated, but with a small improvement of the Fz for 
higher Fn.
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Figure 7.7 Variation of vertical forces vs. speed for 7° inclination angle
Some examples of the computed Fz versus inclination angle are shown in Figures 7.6 
and 7.7 for the given speeds. Before proceeding to give any further comments on the 
numerical results, it should be noted that nine forward speeds in accordance with 
Table 6.3 with Froude numbers ranging from 0.033 to 0.2, are used. In the following 
discussion the above speeds are divided into three groups in increasing order as before 
(low, moderate and high speed). Figure 7.8 shows a comparison of the computed 
vertical forces, for all inclination angles, for low number of panels, whereas Figure 
7.9 shows the comparisons for high number of panels.
For easy comparison of the computed steady force, Fz, shown in Figures 7.8 and 7.9, 
the same colour for each inclination angle is used for the speed ranges. The dotted line 
shows the prototype’s displacement in the figures.
Comparison of forces in Figure 7.8 and / or 7.8a shows that as Fn increases the 
computed Fz increases, and inclination angle has an important role here. Differences 
of the computed Fz are very small for low and moderate speeds, but increase for high 
speed range. Computing meaningful result of the mathematical formulae of the 
theoretical method is not an easy task for variable speed, and it is sensitive to the 
mesh. A suitable mesh size is required for more accurate and meaningful results.
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There is an improvement of the vertical force for all inclination angles as Fn 
increases. For high inclination angles Fz reduces for high Fn ranges as are shown in 
Figure7.8 and 7.8a.
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Figure 7.8 Comparison of vertical forces vs. speed for different inclination angles and
about 456 panels fixed on the hull
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Figure 7.8a 3-dimension view of comparison of vertical forces vs. speed for different 
inclination angles and about 456 panels fixed on the hull
Figure 7.9 shows, for high number of panels, good convergence of the Fz for low 
inclination angle. The computed vertical forces, Fz, show significant drops for high
161
inclination angle in the moderate speed range and above. Consequently, showing that 
recovery of the Fz with speed depends critically on inclination angle range.
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Figure 7.9 Comparison of vertical forces vs. speed for different inclination angles and
about 1140 panels fixed on the hull
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Figure 7.9a 3 dimension view of comparison of vertical forces vs. speed for different 
inclination angles and about 1140 panels fixed on the hull
The results of computed Fz are compared in Figures 7.8 and 7.9 for two sets of the 
meshes. A percentage difference of the computed results, Fz, with the prototype 
ship’s displacement calculated is presented in Table 7.1 for the lower panel number,
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and is shows in Figure 7.10. The positive sign shows increase and negative shows 
decrease o f the computed Fz against the prototype’s displacement at prescribed Fn.
Inclination
angle
0O© 2.5° 5.4° 7° 10.0°
■a
Low -2.16 -2.14 -0.43 -1.98 -1.76
£o. Moderate -0.15 0.74 3.38 1.40 0.96C*) High -1.63 4.61 9.85 9.94 9.62
Table 7.1 Percentage difference o f computed Fz with the prototype’s displacement
for low number o f panels (456)
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Figure 7.10 Percentage difference o f the vertical forces vs. different inclination 
angles, for speed ranges (mesh about 456 panels).
Referring to Table 7.1; the percentage difference is not very large for low and 
moderate speed ranges, for all inclination angles. The computed Fz is more or less 
constant as inclination angle increases for the low speed range. Its value is 
underestimated by about 2% for the low speed range, which should as a minimum be 
equal to the prototype’s displacement or a little above it.
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For moderate speed range, the computed Fz oscillates about the prototype’s 
displacement. The Fz increases compared with the low Fn results, as is expected. It 
decreases when inclination angle increases with the same trend as for the low Fn. A 
large difference is shown for the high speed range with the higher inclination angle. 
The story is different, as 3rd row of the table shows that percentage difference of the 
computed Fz with the prototype’s displacement decreases for zero inclination angle, 
but the trend of the curve for high Fn is still the same as the other two. However its 
difference is large for all inclination angles. As discussed before it is the weakness of 
meshing particularly for high inclination angle, which is revealed in the high speed 
range.
One may consider the results so far that the results for low and moderate speed 
ranges may be accepted as preliminary results of the CFD code. This is because the 
results for low and moderate speed ranges are more likely equal to the prototype’s 
displacement. They show a logical improvement as forward speed increases. To 
improve confidence, it requires more simulation for different sizes of mesh, and 
intervals inclination angles. Other conclusions on reliability of the results may be 
obtained from constant inclination angle, shown in each column of the table. Where 
the percentage difference increases as speed increases, then more reliable results may 
be obtained from small differences, as column 0.0° and 2.5° inclinations in the Table 
7.1 and as shown in Figure 7.11.
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Figure 7.11 Percentage difference of the vertical forces vs. speed ranges, for different 
inclination angles (mesh about 456 panels).
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A similar summary as for Table 7.1 has been made for the results of the high number 
of panels, in Figure 7.9. The percentage difference of the computed Fz with the 
displacement of the prototype is presented in Table 7.2 and Figure 7.12 for high 
number of panels. The difference for the low speed range in the table is very similar 
to the results in Table 7.1 for all inclination angle ranges. However, there is small 
improvement of the Fz in the speed ranges, in Table 7.2, when compared with the 
same inclination angles in Table 7.1. This feature shows the mesh may be sufficient 
for computed results for the low speed range. In addition, the effect of increasing 
speed clearly can be shown by the percentage differences of the computed Fz with 
the prototype’s displacement which are greater than the equivalent data in Table 7.1. 
However, the results for high inclination angle and / or high speed range show the 
mesh may not sufficient for these conditions (high speed and inclination ranges).
Inclination
angle
oO©
2.5° 5.4° 7° 10.0°
Low -2.01 -1.70 -2.11 -1.34 -1.89
s
a. Moderate -0.05 1.49 -0.54 -4.19 -5.71Cf) High 4.31 5.92 5.96 -2.65 -11.20
Table 7.2 Percentage difference of the computed Fz with the prototype’s displacement
for high number of panels (1140)
■ Moderate Fn
In clination
Figure 7.12 Percentage difference of the vertical forces vs. different inclination 
angles, for speed ranges (mesh about 1140 panels).
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Comparison of the data in Tables 7.1 and 7.2 confirms that the computed results for 
the low and the moderate speed ranges are reliable. The computed results of very low 
inclination angle for the high speed range can be accepted too. One important feature 
of the results in Figure 7.10 for the speed range is oscillation of the results about the 
prototype ship displacement, which is usually expected for CFD simulation.
According to the computed results and the cost of computation, there are two major 
problems associated with the numerical method that must be considered in order to 
obtain more meaningful and accurate results. These are modification of the mesh 
generation code and the integral solution of the free surface, which affect the 
computation of the pressure distributed on the wetted hull area in particular near to the 
free surface. More detail is given in Section 8.2.
7.4 DISCUSSION OF THEORY AND EXPERIMENT APPLIED 
METHODS
After validation of the experimental data in Chapter 6, and proving the theoretical 
approach in Chapter 4 and this chapter, the current section discusses comparison 
between the theoretical results and experimental data of the model.
The accuracy of towing tank data is higher than accuracy of any existing CFD 
methods according to Larsson (1998). He has shown that research centres that have 
been applying CFD codes have only recently reached a stage where meaningful 
results of any sort are possible. A list of validated CFD codes and their research 
centres is given in the same article. More or less the same level of accuracy may be 
obtained from other CFD methods that are introduced in ITTC 23rd conferences. 
However, the full data (bodylines or the offsets) of the models used in the forgoing 
conferences have been unavailable, to apply the models for producing necessary 
results from the theoretical method in the available CFD computer code.
Due to relatively very limited facilities and tools available whilst conducting the 
research, there was not enough opportunity to test a wide range of operational 
conditions of the model such as speed, loading, and inclination angle, or to find an
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alternative bodyline of a high speed ship with a suitable experimental data of the 
ship for comparison and validation purposes of the CFD, and the meshing code. 
Although, there are some experimental and numerical results in ITTC 23rd the 
greatest problem was unavailability of the offsets or whole bodylines of the model 
except for the Wigley hull form that has been used for validation of the CFD. 
Therefore, for the discussion the validated CFD results and the experimental data of 
the model of the current research are used. The presented results are chosen from 
both approaches, for nearly the same forward speeds, the same loading and 
inclination angle conditions as those discussed in Chapter 6, with reference to 
information of Table 6.1, 6.2, and 6.3. Figure 6.42 represents a summary of the 
chosen experimental data for the model scaled at 1: 100.
The theoretical results show a complicated variation as also exhibited by the model 
tests data. A better understanding of these variations would result from the 
availability of a significantly greater number of computed results. Additionally 
model tests for intermediate heel angle positions are required.
A comparison of the computed results for low number of panels (coarse mesh) and 
high number of panels (fine mesh) with the experimental data for four inclination 
angles is shown in Figures 7.13 to 7.16 for 2.5°, 5.4°, 7.0° and 10.0° inclination 
angles respectively. For each inclination angle there are two plots one showing the 
GM versus Fn, and the other comparing the GMs obtained from computation and 
experiment at constant forward speed. The minimum GM and the initial GM of the 
plots show the minimum level of accepted GM of most standards, and the evaluated 
static GM of the model. The other data show variation of the GM for the given speed 
in the same Fn range from 0.034 to 0.168 respectively. In the plot GM versus Fn, the 
Fn ranges from 0 to 8 showing the same information as shown on the lower diagram.
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Figure 7.13 Comparison between experimental with theoretical results o f GM
variation in terms o f forward speed ranges at 2.5° inclination angle
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Figure 7.14 Comparison between experimental with theoretical results of GM
variation in terms of forward speed ranges at 5.4° inclination angle
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Figure 7.15 Comparison between experimental with theoretical results o f GM 
variation in terms of forward speed ranges at 7.0° inclination angle
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Figure 7.16 Comparison between experimental with theoretical results o f GM
variation in terms o f forward speed ranges at 10.0° inclination angle
It is clearly evident that the theoretical responses show a complicated variation 
compared with those exhibited by the model tests results. A better understanding of 
these variations would result from the availability of a significantly greater number of 
computed results, and for that matter additional model tests for intermediate heel 
angle positions. Also using suitable number of panels would help provide a better 
understanding of the theoretical solutions. Unfortunately, owing to the very long run 
times this has not been possible during this study.
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Figure 7.17 Variation of computed GM vs inclination angle at constant forward speed
for low number of panels (456)
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for high number of panels (1140)
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Figure 7.18a Variation of computed GM vs inclination angle at constant forward 
speed for high number of panels (1140)
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The present research that is currently at an early stage has not achieved the best 
results in theoretical application method. This is because:
• The mesh generation computer code was developed from scratch at UCL. 
Although the graphical representation of the mesh may look acceptable, from 
the viewpoint of computations CFD results must be explicitly meaningful. The 
results generally show a minimum 2% difference with experimental data. 
Therefore for future modification of the mesh generation code proper attention 
should be paid to all comments given in Sections 7.2, and 8.2 part I.
• With regard to the solver, the steady CFD code, although the panel method has 
succeeded for most other engineering designs and simulations to a very good 
standard, there are a significant number of issues that are highlighted in 
Section 8.2 which should be taken into account for future work to modify the 
solver.
Figures 7.12 and 7.13 show the theoretical GM results of the prototype for small and 
high number of panels respectively. Evidently in general there is no close matching of 
the theoretical (CFD) solutions for either the high number of panels or the coarse 
meshes with the model test results for GM variation with speed and heeling angle.
Despite these general comments, the plots for the low and moderate speed ranges 
show very close agreement with the experimental data especially more so for the finer 
mesh than the coarse mesh, as shown in Figures 7.14 to 7.16.
Another important point observed from the results is that increasing the number of 
panels on the wetted hull shows better convergence as expected. It has been shown 
that speed has a significant effect on the pressure distribution on the hull. It is 
expected that future work may be successful in further optimising the mesh generation 
code, and with the availability of faster processors that more accurate and numerous 
results may be obtained.
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8. CONCLUSIONS AND RECOMMENDATIONS
Increasing demands for speed in marine transports have expanded the interest in 
vessels having some part of their weight supported by dynamic forces. Hydrodynamic 
lift force increases as speed increases. The resulting lifted hull has a reduced wetted 
surface leading to some changes on stabilities characteristic of the ship in a seaway. 
Additionally, during the study, it has been shown that unbalanced pressure distributed 
on the wetted area of the hull leads the ship to heel and / or trim to one side, even for 
the low speed range. It may increase with increasing speed or may decrease. For a 
better understanding of the situation a series of experiments has been conducted in the 
towing tank at UCL. The experimental data are presented in Chapters 6 and 7 in 
detail.
The results of theoretical method, that are efforts of the CFD and the mesh generation 
codes, have been obtained only for one set of offsets (bodylines) that was available to 
the research. The offsets were derived from a scaled drawing, Figure 5.1, which may 
be one source of cause of difference between the experimental data and theoretical 
results. However, suitability of the numerical modelling of the research has been 
proved by comparison between the CFD results with the validated results in Chapters 
4, 5 and 7 in details.
The computed results of the test case (hemi-sphere) and the Wigley hull have shown 
good agreement with analytical and validated results as shown in Chapters 4 and 7. 
The meshing procedure, for the purpose of the research, has been discussed in 
Chapter 5. The mesh code is able to map the triangular panels on the wetted surface of 
a ship according to loading conditions such as draft and inclination angle. Although, 
modification is required in some parts as discussed in section 8.1 the results of the 
meshing are unique.
Specific judgement on the CFD technique requires more sets of bodylines for 
simulation. Although the preliminary results of theoretical applied method are not yet 
promising it may improve with modification of the mesh generation and the panel
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method as the solver of the steady CFD code. On the other hand, the experimental 
data has shown very clearly significant effect of speed on stability. Comparison 
between the results of both applied methods, theoretical and experimental, of the 
research may be classified as follows:
1. Bottom pressures distributed on the wetted surface of the ship’s hull support 
the weight of the ship. As Froude number increases hydrodynamic effects 
cause redistribution of the pressure redistributing the buoyancy that can lead to 
a reduction or raising in the metacentric height, resulting in a decrease or 
increase of stability of the hull operating relatively at, or slightly above, low 
speed.
2. Bottom pressures on the wetted area of ships mostly are not balanced in 
respect to the centre-plane and / or to mid-ship section or both. This causes a 
ship to trim and / or steady inclination angle or a combination of these. As has 
been shown the angle will be increase or decrease depending on a hull form 
and speed range.
3. Generally, for small steady inclination low and moderate speed may be a safe 
speed range for navigation. High speed range for any inclined angle 
transversely or longitudinally is better avoided.
Considering some points arising from this work the following should be noted:
A. The experiments reported herein are denoted as low, medium, and high 
speed. This is in the context of the speeds achieved using the available 
test tank and capability of the model. In the wider context of speeds 
which today’s vessels may in general achieve, these are at the low end 
of the range.
B. It should be noted that the value of GM used in the model tests was 
chosen to be very small (2.35mm) so that a significant response could 
be detected. Whilst the value is small it has been accurately determined 
from an inclining experiment in which it was possible to accurately 
control the values of mass and linear dimension to achieve the GM to 
the accuracy indicated.
C. Confidence in the results of the experiments conducted is high since 
although only data for single runs for the method using potentiometers
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has been presented herein, each of these tests was performed three 
times by this method with equivalent results. Similar results were also 
obtained by the strain-gauged transducer method, and also by optical 
tracking.
D. Under some experimental conditions the model which was forced to 
heel to one side performed a rolling motion with very small amplitude. 
For a constant forward speed it is expected that the heeling angle may 
reach a constant value. However, the experimental data show very 
small oscillation of the heeling angle at a given constant forward 
speed. Such oscillatory motion may decay to zero in a longer towing 
tank. It is possible that the source of the oscillations may be related to 
the bow forming wave or (less likely) some external effect such as 
vibrations from the carriage’s wheels. For a very low forward speed it 
is expected the bow forming wave should be negligible. However, very 
small amplitudes were detected. It would be beneficial if these effects 
could be investigated in more detail in some future research. Such 
future experimental research would of course benefit from larger 
testing facilities in which steady state conditions could be established 
for longer runs, and the decay (or otherwise) of oscillatory effects be 
observed better. It would be more representative of a vessel in a 
seaway if future experiments were conducted with a self-propelled 
model. If this were to be done it would be beneficial to use a light- 
tracking method to measure the motions behaviour.
E. The comparison between the results of other researchers with the 
results of the UCL-ASD code on the validated meshes of the Wigley 
hull from SSRC showed fairly consistent agreement across a wide 
range of Froude numbers. According to Figures 4.10 and 4.21, the 
wave making resistance for the Wigley hull form in the low speed 
range is linear (with no peaks or troughs). For the UCL-ASD analysis 
this was not so for the real ship shape as shown in Figures 4.13 and 
4.17 (which are for low Froude numbers). This suggests that more 
attention should be paid to modification of the mesh generation code.
F. For the validation of the code only two sets of the Wigley hull form 
meshes were available, which were provided by the SSCR. It would be
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beneficial in future research to extend this analysis to examine the 
effect of increasing the number of panels to approach an optimum.
G. Waves have significant effect on the ships stability. With wave crests 
at the bow and aft regions and a trough at the midship part of the hull, 
a reduction in stability occurs. As pressures are distributed on the 
wetted hull and varied with forward speed in calm water the generated 
surface wave decreases the ship stability. The variations of pressure 
distributions along the hull near to the waterline at different forward 
speeds are compared in Figure 7.5. High pressures are found at the 
ends and low pressures distributed in the midship. The effect is more 
pronounced for high Fn.
H. On page 181.
8.1 FUTURE WORK
There is considerable opportunity to extend the theoretical approach of research 
pursued herein in many aspects. In particular:
I. The mesh generation may be modified:
> To control the number of panels along the waterline as well as in the draft 
direction.
> To apply an appropriate method for controlling size, aspect ratio, and 
skewness of the triangular panels.
> To control sufficiently high resolution of the mesh on the curved part of the 
hull.
II. The panel method is applied as a solver in the CFD code. As it has proven to be
successful in aerodynamics and hydrodynamics applications. Modification to this
application should include:
> Improve the performance of the present CFD code for a modified mesh 
generation code
> Modify the Green’s function solution to achieve the two important goals, of 
accuracy of results, and reduced CPU time
> Examine higher order methods.
> Testing the idea of the research with other validated CFD codes available in 
other research centres.
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III. Graphical output improvements, as a part of post-processing will lead to better 
interpretation of results.
In the theoretical methodology of the research a simple form of stability analysed to 
reach the actual stability evaluation it is required to add the effect of trim in the mesh 
generation code, and not only sailing in calm water option but also adding travelling 
in waves option in the solver.
Performance of a new design and / or modification of an existing ship may be 
checked with available and validated CFD codes, but still they can not replace towing 
tank. Therefore model testing facilities are needed to check performances of ships. 
Consequently the current experimental approach may be used to provide more 
benchmarks for validation of the present theoretical approach. It is suggested that 
different ships’ hulls, regarding size and block coefficient, may be conducted in 
longer tanks, with more advanced facilities.
To improve stability evaluation, a modified version of the theoretical approach of the 
current research may lead to a new method for preliminary stability assessments of a 
ship in a seaway.
8.2 CONCLUSIONS
The research presented describes effects of forward speed on stability of ships, 
theoretically and experimentally. A new application of the panel method has been 
coded to evaluate stability of a ship in a seaway, and a novelty is the mesh generation 
computer code developed for this purpose. The study also includes unique 
experimental results. To sum up the finding of the research the following conclusion 
may be drawn:
1. Although rules and regulations may guarantee a level of safety in some sea 
states and loading conditions, the level of safety must be improved in 
accordance with demands of transportation (high speed) currently and in the 
future.
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2. Nowadays, a very important factor of marine transportation is speed, 
especially according to the results of the current research; it is shown that 
speed plays a significant role on stability of a ship in any circumstance.
3. Due to robust computer available on board of ships and design offices, then a 
modified version of the theoretical method of the research may be used as an 
alternative. Designers and operators need more accurate and rapid methods to 
evaluate ship stability, which take into account speed of the ship.
4. Distribution of pressure on the wetted surface of the hull is different for a 
moving ship compared with its stationary condition. Generally the distribution 
of the pressure is not symmetric.
5. The panel method has been applied to compute pressure distribution on the 
wetted surface of a ship’s hull, due to forward speed of the ship.
6. The unbalanced pressure distribution on the wetted hull surface causes a 
heeling angle. It will generally change in a seaway due to variation of either 
speed or wetted hull surface and its appendages, including angle of rudder. 
Consequently, it introduces rolling motion even in calm water, and the rolling 
may develop as shown from the experimental data in Figure 6.42.
7. Another important result is that in order to recover stability (restoring 
moment) in some cases it may be possible to do so by increasing the speed of 
the ship. However due to limitations of power of the ship this cannot be done 
in all conditions. Additionally in some cases, as the results here have shown, 
increasing of the speed may have a detrimental effect causing an increase in 
inclination angle, and increased risk of capsizing. Then loss of stability is a 
function of speed and any cause of developing unbalanced pressure distributed 
on the wetted hull surface.
8. Refer to Figure 6.42, it is a summary of the experimental data, showing 
dangerous conditions of the model at different speeds and loading conditions. 
Such plots may in future be provided as part of useful stability documentation 
of a ship during its design stage and finally after trials. It would provide an 
indication of the minimum improvement for operators to complete a safe 
voyage.
9. The CFD code results show the capability the applied method, as the 
computed results of the Wigley hull form have proved it, and also the 
comparison between the CFD results and the experimental data o f the
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container model supported. The most important issues of results of the method 
show that the calculations are very sensitive to the panels.
10. It is worthwhile to modify the mesh generation code, as the most significant 
results show the differences between the validated and the computed results 
are raised by weakness of the panels (aspect ratio, skew, sizing and density of 
the triangular panels).
11. The chosen Green’s function solution is very complicated and very expensive 
from the point of computing. It may be possible to avoid and replace this with 
alternatives, which may offer better accuracy and cheaper calculation time.
It is hoped that these ideas will contribute to developing a practical improved method 
to assess stability and thereby improve safety in all conditions, in particular where 
speed is an objective. In the longer term it may be possible to replace the towing tank 
which is costly and time consuming specially for optimisation or as a minimum to the 
reduce cost of experimental tests of a new design.
H. Threshold of small heeling angle depends on a ship body lines. It becomes 
very important for inclination test. According to the body lines of the 
model, which have been shown on Figure 4.2, most part of the hull form is 
the rectangular shape. Then the threshold is about 15 degree as it has 
shown on Figure 6.2. above this angle the curve is no longer a straight line.
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APPENDIX A
A .l INTERACTION OF THE STATIC FORCES
Static stability is well understood and is described in many textbooks, for example 
Rawson and Tupper (1983), and Lewis (1988). To draw attention to sensitivity of 
ship stability due to any changes, and basic definitions of key words that have been 
used in the thesis, they are briefly reviewed in Sections A .l. to A.5.
The weight (IV) of any freely floating body, which is wholly or partially immersed in 
a fluid, is supported by the summation of all hydrostatic pressure components acting 
on the wetted surface area of the body. The vertical force caused by displacement of 
the fluid is called buoyancy force (D). In other words, a freely floating body obeys 
Archimedes Principle, indicating that the buoyancy force increases as the weight of 
the floating body increases. By using this principle, it can easily be seen that a 
change in the buoyancy force is equal to a corresponding change on the vessel load. 
This principle applies to both submarines and ships.
Generally the weight of a freely floating body, which passes downward through the 
centre of gravity (C of G), must be equal to the buoyancy or the resultant force, 
which passes upward through the centre of buoyancy (B) along the same vertical 
line. Providing no external forces or moments act on the body, the condition is 
known as static equilibrium, and the body remains stable as shown in Figure A.la.
Assuming that the positions of the masses in the floating body are not changed, a 
slight rotation from the static equilibrium condition will produce a moment on the 
body. The case where this moment tends to return the body to its original position is 
called a righting moment. The righting moment relates to the location of the body’s 
metacentre point (A/) as well as the corresponding righting arm (GZ). The righting 
arm or righting lever (GZ) is the horizontal distance parallel to the new water line 
between the centre of gravity and the new direction of the buoyancy force as shown 
in Figure A.lb.
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(a)
Figure A.l Transverse cross section of a mid-ship, (a) Hydrostatic equilibrium
(b) inclined by a small heel angle
Referring to the above figure, it can be seen that the centre of rotation (A/) is the 
intersection point between the directions of the original buoyancy force (passing 
through B) and the new buoyancy force direction (passing through B/). This is due to 
the inclined body causing a new distribution of pressures, which act on the wetted 
surface of the body, although the total force is the same. It is therefore evident that the 
metacentre position with respect to the centre of gravity (GM) will determine the 
stability of the body. In other words, if the location of the metacentre point is below 
the centre of gravity, the moment produced by the weight will tend to increase the 
inclination angle. In this condition the body will not necessarily capsize, and in fact 
will often come to rest at angle of heel called the angle of loll. In this case, the 
condition is known as Negative Stability. Where the centre of gravity is located on the 
metacentre point of the body is known as Neutral Stability. For ships this condition 
can only be maintained for very small heel angles, if the initial shape of the vessel is 
regarded as being a cylinder having a diameter equal to the breadth of the vessel. 
Alternatively, if the position of the metacentre point is above the centre of gravity 
such that the moment will tend to decrease the inclination angle, which in turn may 
return the body to its original position, this condition is known as Positive Stability.
Therefore, the distance of the metacentre point (A/) from the centre of gravity (G) is 
known as metacentric height and normally denoted as either H or GM. The 
metacentric height provides an indication of the stability of any floating body.
GM = KB + BM -  KG (A.l)
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where: KB and KG are the vertical distances from the keel to the centre of
buoyancy and centre of gravity of the vessel, respectively. BM is the 
vertical distance from the centre of buoyancy to the metacentre point.
Both the longitudinal and the transverse stability of a ship are governed by these 
parameters. A ship is most likely to capsize transversely rather than longitudinally. 
This is due to the fact that in the former case, the metacentre point is lower than that 
of the latter case. In addition, the parameters that dictating the transverse stability of 
the ship vary much more rapidly than those of the longitudinal case. The parameters 
are explained in the following sections.
A.2 ASSESSMENT OF INITIAL MET ACENTRIC HEIGHT
Consider a vessel of length L, breath b and draft d, which is floating at waterline 
WoLo. Now suppose that the vessel is inclined by a small angle (p to waterline W/Lj 
as shown in Figure A.2. Since the vessel is wall-sided, WoL0 and W/L/ must intersect 
on the centre line. A wedge of buoyancy will move across the vessel, and the 
centroid of the wedge will move from go to gj. If the underwater volume of the vessel 
is V and the volume of the wedge of buoyancy is v then the horizontal distance 
between Bo and B\ is:
B oB = ? M l  ( A 2 )
or, equally, equation 1.2 can be written as:
B0BX = B0Msin<p (A.3)
where: the (p is a small inclination angle.
Eliminating BqB i from equations A.2 and A.3, assuming for (p <,10° approximately,
L,
Figure A.2 Transverse view of inclined vessel
196
The horizontal distance between the centres of volume of two wedges, and the 
volume of each wedge can be obtained from:
_ . 2 .6  2b
M '-2*; V t  < a ' 4 >
1 A b . b * . _ 2b2L ..v = — — — tan (p L — tan ^  (A.5)
2 2 2 8
respectively.
The moment of volume v about the longitudinal axis is:
2b ,  Lb2 Lb2SoSi *v = —  * — tanp = — tan<p (A.6)
Lb*Note that is the second moment of area of a rectangle about the axis through
the centriod. Substituting equation A.6 into A.2, we obtain:
B0B. = ^ —tan (p— (A.7)
0 1 12 V
Since V is the underwater volume of the vessel which is equal to L*b*d equation A.7 
becomes:
b2
B0BX = —— tan^ (A.8)
12a
By inserting this expression for BoBj into 1.3 the transverse metacentric height BM  
can then be found:
( « >12a sin^>
which, based on the small q> angle approximation, can be written as:
B0M = —  (A. 10)
12 d
Using the geometry of a simple rectangular box form, the vertical distances of B and 
M  measured from the keel can be written as:
d
KB = — from keel to B (A. 11 a)
d B 2
KM  = — + — - from keel to M  (A. 1 lb)
2 12 d
The second expression may alternatively be written as:
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d  I
* M = 2  + v  (A ,U C )
where: I  denotes the second moment of area about the longitudinal axis.
Therefore, according to KB (A.l la) and equation A.9, for small angle (p the general 
form of the formula for KM (A. 1 lc) can be written as:
KM -  KB + BM (A.l 1)
Considering equation 1.11 for a rectangular box shape, the effect of changing draft 
on the position of the metacentre can be written as:
j  r 2
KM  = —+ —— (A.l Id)
2 12 d
To show the effect of geometry and loading condition on the position of metacentre 
from either the equation A.l Id or equation A .ll, it can be observed that when the 
draft d  is small, a large value of BM  occurs. Whilst for large draft the value of KB 
will also be large, BM steadily becomes smaller. Hence for very large draft we have 
approximately:
d
KM  = -  = KB 
2
Since BM % 0
For a complex shape such as for a ship, the calculation of KB, BM, and KG is more 
complicated. The volume transferred from one side to the other side in an element 
wedge of length SL with beam b can be written as:
Sv = SL(— * — * — tan a)) (A.12)
2 2 2
l 2
Sv = (— tan (p)SL (A. 13)
8
The moment of the transferred volume of this wedge in a direction parallel to WL is 
given by:
dv = —  * —  tan (pdL (A. 14)
3 8
and hence, the horizontal component shift BB and the vertical shift B Bt of B to the 
new position are:
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- L[-  v Jl
BB' = BM Xaiup
BB' = — f— tan (pdL
V 0J 12 ^  (A. 15)
and:
1 ^ tp 1 B'BX -  — | — tan (p—b tan (pdL
V ° 8 3 . (A. 16)
DfD /  2 2B B. = — tan a? =  tan (p
2V 2
For a wall-sided ship, by projection of new position of B on to a plane parallel to 
W\Li the righting arm can be obtained as:
GZ -  BB'cos<p + B ’Bi sirup -  BGsin<p
tan2 <p
= Z?A/(sin q> + — -—  sin (p) -  BG sin q>
BM  ,
= sin (p{BM -  BG + ——  tan <p)
(A. 17)
Then:
BM
GZ = s\rup(GM + ——  tan^  (p) (A. 18)
These values can be determined using numerical methods such as Simpson’s Rule. 
More details can be found in Lewis (1988), Rawson and Tupper (1983) and, Tupper 
(1991) and others.
A.3 INFLUENCE OF GEOMETRY ON B AND GM
As discussed in the section (A. 1), a ship is most likely to capsize transversely rather 
than longitudinally. Therefore the main geometric parameters of body form that 
affect transverse stability are discussed in the following sections.
A.3.1 VARIATION OF BEAM
An increase in beam may result in a small increase in draft due to added weight of 
structure however, the difference in displacement between two water lines (new and 
original) is equal to the added displacements of port and starboard. Then the
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waterline area is increased too, and the BM will increase proportional to the square of 
beam in accordance with equation A.9. Therefore, the righting arm (GZ) increases as 
shown in equation A. 18. When the inclination angle is small, according to equation 
A. 18, the metacenteric height and consequently the righting moment increase. Figure 
A.3 shows this effect, that B/ moves to B2y therefore GM2 is greater than GM/. But 
they are not affected at large angles of inclination, where either the deck touches the 
water or the bottom comes out of the water, since the projected beam becomes 
smaller than the initial condition.
XZ
Figure A.3 Effect of beam on righting arm
A.3.2 VARIATION OF DEPTH
An increase in depth of the hull will cause an increase in the weight of the structure. 
Consequently, draft and the C o f G rise up and at all inclination angles the righting 
arms GZ decrease, due to the upward shift of the C of G caused by the added weight 
of the structure. Additionally, superstructure and other topside items will increase 
this effect further. Thus the net effect o f increasing depth on righting arm and 
metacentric height is to decrease these significantly, by the amount that the C of G is 
increased, until the deck edge is immersed. This is illustrated in Figure A.4. The new 
position of G, is higher than G due to the new depth, therefore GZ/ is smaller than 
GZ
KG, > KG then G,Z, < GZ
XZ
Figure A.4 Effect of depth on righting arm
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A.3.3 CHANGE OF FORM ABOVE THE WATERLINE
In the upright position, changes above the waterline such as increasing flare can 
affect the stability in a similar way as change in beam, except that a major effect on 
the righting arm will be delayed until larger angles of heel are reached. Then 
increasing flare increases the righting arm at larger angles. Alternatively, the stability 
can decrease by underwater change of body usually at bow and stem. More details of 
this are given in Burcher (1980) and Lewis (1988).
The superstructure increases the stability of the ship, provided it is watertight. Care 
must be taken with respect to its centre of gravity.
A.4 INFLUENCE OF LOADING ON B  AND GM
In this section, the effects of loading a body on its metacentric height are discussed. 
A small load is added on board of a ship on the centreline exactly above the ship’s C 
of G. Hence, both C of B and C of G rose due to increasing draft. At this time, this 
weight is assumed to be a part of the ship’s weight, and it may be shifted 
transversally (both horizontally and vertically). In addition, it is assumed that the 
added weight is very small in comparison with the ship’s weight, and also the water 
plane area is not changed due to a small increase of the draft.
A.4.1 WEIGHT SHIFTED HORIZONTALLY ON THE DECK
Consider a vessel of weight W with centre of gravity G on the centreline and centre 
of buoyancy at R with transverse metacentre at M. If a small weight w is moved 
across the vessel horizontally, the centre of gravity will move from G to G/, as 
shown in Figure A. 5. In the particular case of a single weight moving across the 
vessel, then heeling moment A//, and righting moment Mr can be written respectively 
as:
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(A. 19)
M h = w* y* cos<p 
M r = W*GGl
where the angle is small and the position of M  can be regarded as fixed. GG/ is 
parallel with the waterline of the vessel:
GG, = GM sin (p (A.20)
Then as the heeling moment is equal to the righting moment, the heeling angle 
satisfies:
w* ytan (p -
W*GG,
(A.21)
A more practical approach is to 
consider different weights being 
moved transversally at various 
points away from the centreline of 
the ship.
M
y
/
xl 
G i
[ B j— B. /
' D ------- '
Figure A.5 Effect of shifting weight on C of G and C of B
If the small weight w is moved longitudinally, Gl will move to Gn and the vessel 
will rotate about the Y-axis. The state depending upon being aft or fore is referred to 
the vessel as trimmed, trim Aft or trim Fore.
A.4.2 WEIGHT SHIFTED VERTICALLY
It is assumed that, if the small weight w on the deck of the ship, is displaced 
vertically, from the deck into a hatch, then the C of G of the ship will change 
downward from G to G/. If Z denotes the height difference from the deck Z\ to the 
hatch Z2 , then GGi can be obtained from:
(A.22a)z  w
then: GG, = ^ ( Z 2 - Z .)  (A.22)
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Hence for any vertical downward movements of weight, GM increases, whereas the 
GM decreases for any upward movements.
A.4.3 FREE SURFACE OF LIQUID IN TANK
If a tank of a ship is not full, where the liquid is free to move continuously as a result 
of the vessel being heeled by any force, the centre of gravity of the liquid will move 
from g to g2. Hence the G shifts to G2 as shown in Figure A.6. The lower case is used 
to denote the liquid in the tank in which it is contained. At this heel angle both C of 
G and the C of B have moved, and the righting arm has been reduced from GZ to
Variation of centre of gravity (g) of 
liquid in the tank due to free surface
Figure A.6 Effect of free surface in a tank on centre of gravity
At small angles of inclination, the liquid in the tank has a metacentre located at a 
distance equal to / /  v above its centre of gravity in the upright position, where i is the 
moment of inertia of the surface of the liquid and v is the volume of the displaced
liquid. Due to movement of wedges of the liquid from one side to anther, a moment
results in horizontal and vertical movement of g. referring to Figure A.6 and 
equations A.4 to A.6 this can be written as:
ggx =-tan^7 for horizontal movement (A.23)
v
gxg 2 = — tan2 (p for vertical movement (A.24)
2v
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Hence C of G for the ship will move to G2 , which can be obtained from
GG, = -tan<p(p—) = p —tan<p (A.25)
v V V
G,G2 = p ^ t a n >  (A.26)
The free surface effect is always independent of the volume of liquids on board or in 
the tank. Even a very small amount of liquid can have a large effect if the free 
surface is large. It is also independent of the position of the tank, either vertically or 
horizontally. As it is obvious, the effect is highly dependent on the size of the free 
surface especially on the width, in the same way that ship beam has a large effect on 
the GM. A similar situation exists if there is floodwater on a deck.
A.5 ENVIRONMENTAL EFFECTS ON B AND GM
In the context of environmental conditions, certain physical properties of sea water 
are important such as density and salinity which affect draft of a vessel, while the 
surface of the sea water may be in any condition, ranging from flat calm to extreme 
roughness. The surface of the sea can be disturbed by an object moving within it, or 
on it, wind effects, or other phenomena which can generate waves. The wave effects 
on seagoing vessels may generally be categorised as head, beam, quartering, or 
following seas depending on the direction in which they act. Other important wave 
factors are amplitude, period and length. Further environmental phenomena include 
icing and wind. They can seriously effect the locations of C of B and height of GM.
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APPENDIX B
B .l THE TRANSFORM ATION MATRIX:
In order to use equations (3.43) to (3.48) a transformation of data is required. 
Referring to Figure 4.1 there are two coordinates systems, the Global coordinate 
system (GCS), and a Local coordinate system (LCS), which shows orientation of the 
panel with respect to the GCS. It is assumed that the LCS is fixed on the centre of the 
panel and at least one of its axes is parallel to one side of the panel. Therefore, the 
nodes of the panel should transfer from the GCS to the LCS on the panel. There are 
linear and rotational transformations for data from the GCS to the LCS, and 
subsequently for results from LCS to GCS.
The linear transformation is from the GCS to the centre of each panel. There is only a 
linear transformation and it can be defined as a distance of centre of a panel to the 
GCS. The centre of the panel can be determined from the three corresponding nodes 
of the panel.
v
Figure B.l Showing liner and rotational transformation
The rotational transformation is in the form of a transformation matrix to transfer the 
corresponding coordinates of all nodes of a panel from the GCS to the LCS on the 
panel, which is assumed to be fixed on the centre of the panel. Therefore the 
procedure can be defined as follows:
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First o f all a panel is a triangular shape, which in any circumstances three nodes in 
space make a flat shape. These three nodes are located on the ship hull, as they chosen 
in the mesh generation technique from tabulated hull offsets, and it is explained in 
detail in Chapter 5. Secondly, the origin o f the LCS (£  rj, Q  is assumed on the centre 
o f the panel. Two axes o f the LCS are assumed parallel with two sides o f the panel as 
shown on Figure B.2, and the third one is perpendicular o f the panel outwards.
O
n
n 1
Where:
II
Figure B.2 axes coordinates systems
Oxyz is the global co-ordinate system (GCS) fixed at mid-ship 
0^r|<^ is the local co-ordinate (LCS) system on the element 
1, 2 and 3 show the local node’s number o f an element 
I and II show the element’s numbering.
To find out orientations o f the panel with respect to the GCS (x, y, z), there are three 
rotational angles that have to defined as follows:
Firstly, direction o f must be known, to find out the direction on the panel. It is 
assumed that it is parallel to the side between the two nodes o f the panel from 2nd to 
3rd o f the panel’s nodes. Consequently it can be written as:
bl=x3-x2
b2=y3-y2
b3=z3-z2
bb=(b 1 *b 1 +b2*b2+b3*b3),/4
b l= b l/bb
b2=b2/bb
b3=b3/bb
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Secondly, the same method as above may be used to find Or\ direction. It is assumed 
that the direction is parallel to side between the two nodes of the panel from 2nd to the 
1st of the panel. Therefore it may be written as: 
al=xl-x2 
a2=yl-y2 
a3=zl-z2
aa=(al *al +a2*a2+a3*a3)/j
al=al/aa
a2=a2/aa
a3=a3/aa
Thirdly, from the cross products of and Or|, the third direction of the LCS, 0<^ , 
may be determined, it should be perpendicular to the panel, in other words, it is 
normal to the plane O^rj, and it must be checked. 
cl=a2*b3-a3*b2 
c2=a3*bl-al*b3 
c3=al*b2-a2*bl 
cc=(cl*cl+c2*c2+c3*c3) /j 
cl=cl/cc 
c2=c2/cc 
c3=c3/cc
Once all the elements of the transformation matrix for the panel are ready with the 
same number as the panel number it can be stored.
*12 *13 a 2 a 2
*21 *22 *23
► =  < b 2 b y
/ 3 . *32 *3 3 . c i C 2 C 3 .
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